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The traditional precast concrete column-to-column connections are widely used in the prefabricated concrete frame structures in
China. However, many studies on the column-to-column joints have demonstrated their complex forms and poor construction
efficiency. To overcome these shortcomings, a new type column–column connection with steel plate hoop and bolts was designed and
proposed. In order to reveal the seismic performance of this new type connection, four precast concrete columns and two cast-in-situ
columns were tested by cyclic lateral loading. They were compared and analyzed from the aspects of test phenomenon, failure mode,
load–displacement relationship, strength, and stiffness degradation. The results showed that the prefabricated columns with this new
type connection had the same seismic performance as the cast-in-place columns. Additionally, the strain curves of longitudinal
reinforcement, stirrups, and steel plate hoops were presented, and the force transmission mode of this novel connection was analyzed.
The results indicated that the innovative connection had reliable force transmission mode, which can provide reference for the
application of prefabricated frame structure in the earthquake area.

1. Introduction

The seismic capacity of the precast concrete connection plays
a key role in the earthquake of prefabricated concrete build-
ings. This point of view has been repeatedly confirmed, such
as 1994 Northridge earthquake in the United States [1], 2008
Wenchuan earthquake in China [2], 2011 Van earthquake in
Turkey [3], and so on.

Many studies have been carried out in order to improve
the seismic performance of prefabricated concrete structure
connections. The United States and Japan jointly carried out
a research project on Precast Seismic Structural Systems
(PRESS), and systematically studied the connections and seis-
mic performance of precast concrete buildings [4]. From 2011
to 2017, the Chinese Academy of Building Research (CABR)
had carried out the research on the National Science and

Technology Support Project of “Research and Demonstration
of New Prefabricated Concrete Building Technology” [5].

Although the above research projects had promoted the
rapid development of precast concrete connection technol-
ogy, these technologies are mainly wet connection technol-
ogy [6], such as grout sleeve splicing for reinforcement [7, 8]
and insertion connection [9] and grouting–anchoring con-
nection [10, 11]. These column-to-column connections have
good mechanical ability, but they have some shortcomings,
such as complex construction procedures and slow construc-
tion speed [12, 13], which are restricting the development of
assembled concrete structures.

Compared with wet connection, dry connection has the
advantages of relatively simple structure and faster construc-
tion speed [5]. However, the dry connection is generally
weaker than wet connection in terms of seismic performance
and monolithic behavior [14]. So, the dry connection is
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mostly used in nonearthquake area. There are few studies on
the seismic performance of dry connections, and most of
them focus on beam-to-column connections and shear wall
connections, such as typical steel plate beam-to-column con-
nection [15], steel plate beam-to-column connection [16],
and so on. There are few studies on the seismic performance
of column-to-column dry connections.

The new type column-to-column connection is proposed
in this paper, as shown in Figure 1. This connectionmode has a
unique way to transfer the force. First, it is different from the
traditional grout sleeve connection [7] because the longitudinal
reinforcement between the two precast concrete elements is not
connected. Second, this connection is also different from the
concrete-filled steel tube (CFST) column. The concrete mem-
bers and steel pipes are subjected to force together as a whole in
CFST structures [17], while in new type connection, the force is
transmitted from the concrete components to the steel tube.
Therefore, it is necessary to study the seismic performance of
this kind connection, and this can provide necessary evidence
for this connection application in seismic areas.

2. Experimental Program

2.1. Specimen Design. Six test pieces were designed in order
to find out that the prefabricated columns with this new type
connection had the same seismic capacity as the cast-in-situ
columns. The four prefabricated columns (W02, W03, Y01,
and Y02) were using steel tube with bolts connection, and
two cast-in-situ columns (W01 and C01) were the controlled
specimens. Two axial load ratios were designed to study the
seismic behavior of this connection method. The axial load
ratio of W01, W02, W03, and Y01 was 0.6, and the axial
load ratio of C01 and Y02 was 0.2. The length of the steel
tube in W02 and W03 was 1,290mm, but the thickness of
the steel tube was different. The length of the steel tube in
Y01 and Y02 was 890mm, but axial load ratio was different.
The details of all specimens were shown in Figure 2 and
Table 1.

2.2. Specimen Preparation. The production process of speci-
mens was shown in Figure 3. The reinforcement skeleton
adopted rectangular spiral stirrup. Two U-shaped steel plates
were welded into a rectangular steel tube. The end of the
longitudinal reinforcement adopted 90° right angle hook,
and the hook length was 120mm. All the specimens were
cast with concrete.

2.3. Material Properties. The mechanical properties of longi-
tudinal reinforcement, stirrup, bolts, and steel tubes were
tested according to Standard for Test Method of Mechanical
Properties on Ordinary Concrete [18]. The test results were
shown in Table 2. According to Test Method of Mechanical
Properties on Ordinary Concrete [19], the average concrete
compressive strength ( fc), obtained by testing three 150mm×
150mm× 150mm cubes, was 43.7MPa. Besides, the com-
pressive strength of filling grout, obtained by testing three
150mm× 150mm× 150mm cubes, is 51.0MPa.

2.4. Test Setup and Loading History. The cyclic loading his-
tory was adopted according to the code JGJ 101-2015 [20], as
shown in Figure 4. The axial force on the top of column was
generated by the 500 T hydraulic jack, and the low cycle
lateral loading at the top of the column was generated by
MTS actuator of 100 T.

According to code for seismic design of buildings [21], the
maximum limit value of the axial load ratio was 0.6 in rein-
forced concrete frame structure columns. Therefore, the
upper limit of the axial load ratio selected was 0.6 in this
paper. The axial load ratio of 0.2 was chosen because it was
the lower limit value in the design of RC frame columns. So,
the axial load with 0:6fc ⋅ Ag (480 kN) and 0:2fc ⋅ Ag (160 kN)
was applied, whereAg was the gross area of the column cross-
section, and fc was the average compressive strength of con-
crete acquired from the cube test. The constant axial load
during the lateral loading was kept constant.

Before the specimens yielded, the lateral loading was
force controlled, and one cycle was performed at each force
level. The estimated lateral load of each stage was 50 kN. After
reaching the yield displacement, it was changed to displace-
ment control. Each cycle was repeated thrice. When the load
fell below 85% of the ultimate load, the specimen was consid-
ered to be failed and the loading was stopped. The loading
history was shown in Figure 5.

2.5. Installed Test Points. In order to understand the mechan-
ical behavior of the new type connection under the combined
action of compression–bending–shear, some strain gauges
were installed on the specific locations, as shown in Figure 6.
Strain gauges were installed on the longitudinal bars and
stirrups at the positions of section 1-1, section 2-2, and
section 3-3, respectively. The strain gauges of No. 4, No. 5,
and No. 6 were installed on the steel plate hoop, as shown in
Figures 6(b) and 6(c). In order to measure the strain of the
bolts, strain gauges of No. 7, No. 8, No. 9, and No. 10 were
placed at the midpoint of the bolt, respectively. In addition,
the displacement meter at the position used to measure is
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FIGURE 1: The steel plate hoop and bolts connection.
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FIGURE 2: Specific size and structure of specimen: (a) size and reinforcement of W01 and C01; (b) size and reinforcement of prefabricated
columns; (c) size and reinforcement of W02 and W03; (d) size and reinforcement of Y01 and Y02.

TABLE 1: Details of specimens.

Specimen
Section size
(mm×mm)

Strength of
concrete (MPa)

Longitudinal
reinforcement

Stirrup
spacing (mm)

Length of
steel tube (mm)

Actual measured
thickness of

steel tube (mm)

Axial
compressive
load ratio

W01

400× 400 C40 8Φ22 50

– – 0.6
W02 1,290 5 0.6
W03 1,290 8 0.6
Y01 850 5 0.6
Y02 850 5 0.2
C01 – – 0.2
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FIGURE 3: Specimen preparation: (a) spiral stirrup; (b) steel plate hoop; (c) reinforcement skeleton; (d) precast concrete.

TABLE 2: Mechanical properties of steel.

Type Steel category
Yield strength

fy (MPa)
Ultimate

strength fu (MPa)
Ultimate

strength fv (MPa)
Yield strain
εy (10

−6)

Steel plate hoop (5 and 8mm) Q235 320 475 200 1,524
Longitudinal reinforcement C22 HRB400

450 660 320 2,250
Bolts C22 HRB400
Stirrup Φ5 HRB400 1,050 1,170 – 5,250
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shown in Figure 2(a) and Figure 4. All test data were col-
lected by TDS602 data acquisition instrument.

3. Experimental Results and Discussion

3.1. Failure Modes. The six test columns were finally failed by
bending. The cast-in-situ columns (W01 and C01) and the
prefabricated columns (Y01 and Y02) had obvious failure
patterns at the column foot, such as cover concrete spalling
and longitudinal reinforcement bending. However, the con-
crete spalling and longitudinal reinforcement bending were
not found at the bottom of the prefabricated columns (W02
and W03), which may be due to the wrapping of steel plate
hoops. The final failure state of each specimen was shown in
Figures 7 and 8.

3.1.1. Test Process and Phenomenon of the Axial Load Ratio
(0.6) Columns.
(1) Load Control Stage (Lateral Load 0–250 kN). In the load
control stage, the specimens were at the elastic stage before

the concrete cracks, and its loading and unloading curves
were basically in coincidence for a line. When the lateral
load reached about 200 kN, the first horizontal crack appeared
in W01 and Y01. When the first horizontal crack occurred in
W02 and W03, the lateral load reached about 250 kN.

(2) Displacement Control Stage (Lateral Displacement
20–100 mm). The penetrating cracks of columns W01 and
Y01 gradually increased, and the width of the cracks increased
continuously in the first cyclic lateral displacement (20mm).
Dense cracks occurred and developed in the end of the col-
umns. When the lateral displacement of W01 reached about
40mm and Y01 reached about 44mm, the cover concrete of
the column end in the compression area starts to crush locally
and externally. When the lateral displacement of W01 reached
about 90mm and Y01 reached about 100mm, the longitudinal
reinforcement at the bottom of the column was failed by com-
pression buckling.

The test columns of W02 and W03 had no tearing or
buckling failure of the steel plate hoop during the whole
loading process. There was a small amount of concrete peel-
ing at the bottom of the columns, but after removing the steel
plate hoop, the concrete inside was in good condition and no
crushing phenomenon occurs.

3.1.2. Test Process and Phenomenon of the Axial Load Ratio
(0.2) Columns.
(1) Load Control Stage (Horizontal Load 0–150 kN). When
the lateral load of C01 and Y02 reached about 100 kN, the
first horizontal crack appeared. With the increase of hori-
zontal load, horizontal cracks increased continuously. After
150 kN, the sloping cracks appeared on the other side of the
test columns.

(2) Displacement Control Stage (Horizontal Displacement
About 20–110 mm). When the horizontal displacement
reached about 30mm, the concrete began to fell off at the
bottom of the columns C01 and Y02. When the horizontal
displacement reached 100mm, the bottom concrete fell off
completely. The longitudinal reinforcement and stirrup were

Beam

Hydraulic jack
MTS actuator

Wall reaction force

Bolt

Column

Displacement meter

Reaction frame

ðaÞ

Beam

MTS actuator Column

Displacement meter

Hydraulic jack

Reaction frame

Bolt

ðbÞ
FIGURE 4: Schematic view of the loading device: (a) schematic test diagram; (b) actual test diagram.
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all leak out, but the compression and buckling of the longitu-
dinal reinforcement are not obvious, as shown in Figures 8(b)
and 8(c).

In conclusion, the overall failure mode of the above six
specimens belonged to bending moment failure, namely, the
failure under large eccentric compression. Although W02 and
W03 did not have the phenomenon of concrete falling off,
according to the strain test results and loading process of lon-
gitudinal reinforcement, these two specimens also belonged to
bending moment failure.

In order to check that this new type connection can
achieve the seismic capacity of “equivalent to cast-in-situ
connection,” it is necessary to ensure that the connection

did not fail before the bending failure occurs at the bottom.
So, the test results are in good agreement with the design
results.

3.2. Hysteresis Curve and Backbone Curves

3.2.1. Hysteresis Curve. The lateral load–displacement curve
is an important tool to study the seismic behavior of the
structure, which can reflect the ductility, stiffness degrada-
tion, and energy dissipation capacity of the specimens [22].
Figure 9 presents the hysteresis curve of all specimens. The
horizontal displacements were collected by the TDS602 data
acquisition instrument at the position of displacement meter
(shown in Figure 4).
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FIGURE 6: Strain gauge installation layout: (a) the position of strain gauges in W01 and C01; (b) the position of strain gauges in W02 andW03;
(c) the position of strain gauges in Y01 and Y02.
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It is observed that the shape curve of W01 and Y02 is
similar, and the shape of C01 and Y02 is similar. Although
the axial compression ratio of W02 and W03 is also 0.6, the
shape of its hysteresis curve is not as plump as W01 and Y01.
After the yield, the slope of the curves begins to shift, the
range of the hysteresis loop enlarges gradually, and the
energy dissipation increases gradually. At the same time,
the bearing capacity and stiffness of the two displacement
cycles are slightly lower than the first time. From the whole
point of view, the hysteresis curve of all specimens is plump,
and the prefabricated columns exhibit same seismic perfor-
mance as the cast-in-situ columns.

3.2.2. Backbone Curves. The backbone curve is obtained by
connecting the peak points of all the first cycles of the
load–displacement in the cyclic loading test [23, 24]. Figure 10
shows the comparison of all specimens. Figure 10(a), on the
left, shows the backbone curve of the measured specimens.
Figure 10(b), on the right, shows the calculated dimension-
less backbone curve. In the upper left corner, as shown in

Figure 10(b), V and Vmax represent the lateral load and the
maximum lateral load in the loading process, respectively.
We can better see the strength enhancement and degrada-
tion more easily at the same deformation through the
dimensionless backbone curve.

We can observe the following characteristics of the back-
bone curve of the measured specimens. The peak strength of
C01 and Y02 is obviously smaller than other specimens
because of its axial compression ratio (0.2). The bearing
capacity of all specimens after the peak load decreased, and
there is a sharper decline phenomenon inW01 specimen than
other prefabricated specimens. In the dimensionless backbone
curve, the curve shape of prefabricated specimens is very simi-
lar, and the W01s curve is obviously sharp in the downward
phase, indicating that this new type connection has better
resistance to bearing capacity degradation decreased.

3.2.3. Strength and Ductility. The test results of each speci-
men for the yield strength Py, peak strength Pk, ultimate
strength Pu, yield lateral displacement Δy, peak lateral
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FIGURE 8: Failure modes: (a) W01; (b) Y01 and Y02; (c) C01; (d) W02; (e) W03.
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FIGURE 9: Lateral load–lateral displacement relationships of column specimens: (a) W01; (b) Y01; (c) W02; (d) W03; (e) C01; (f ) Y02.
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displacement Δk, maximum lateral displacement Δu, dis-
placement ductility ratio μ, and story drift θ are presented
in Table 3. The positive values are in the direction of pull
loading, and the negative values are in the direction of push
loading. The relevant values of ductility ratio and ultimate
interlayer displacement are listed in Table 3 [21]. The aver-
age values of displacement ductility ratio and ultimate story
drift are calculated by Equations 1 and 2:

μ ¼ Δþ
uj j þ Δ−

uj j
Δþ
y

�� ��þ Δ−
y

�� �� ; ð1Þ

θ ¼ Δþ
uj j þ Δ−

uj j
2H

; ð2Þ

where H is the height of the specimen (H= 1,800mm).
According to the code for seismic design of buildings, the
interstory drift should be not less than 1/50, which is the
limit value of reinforced concrete frame under the action
of strong earthquakes (rare earthquakes) [25]. The ultimate
story drifts of all specimens are more than 1/50, and the
ultimate story drifts of all prefabricated specimens are
more than the integral pouring specimen. It indicates that
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FIGURE 10: Backbone curves of the specimens: (a) the backbone curve; (b) the calculated dimensionless backbone curve.

TABLE 3: Ductility and energy dissipation capacity of the specimens.

Column ID

Yield strength and
lateral displacement

Peak strength and
lateral displacement

Ultimate strength
and lateral
displacement

Ductility
ratio

Story drift

Py/kN Δy/mm Pk/kN Δk/mm Pu/kN Δu/mm μ ¼ Δu
Δy

θ ¼ Δu
H

W01
Front 249.6 15.44 296.8 23.57 252.3 47.38 3.1

3.0
1/38

1/38
Back −281.5 −16.33 −326.6 −23.24 −277.6 −47.39 2.9 1/38

W02
Front 254.0 17.83 302.2 29.60 256.8 55.26 3.1

3.7
1/33

1/30
Back −260.9 −16.32 −307.2 −28.91 −261.1 −70.15 4.3 1/26

W03
Front 268.1 18.12 325.2 33.37 276.5 56.36 3.1

3.8
1/32

1/32
Back −248.8 −13.68 −289.6 −21.91 −246.2 −59.36 4.4 1/32

Y-01
Front 262.51 18.97 305.9 40.02 260.02 51.25 2.7

2.7
1/35

1/36
Back −259.6 −18.63 −303.2 −27.02 −257.7 −48.48 2.6 1/37

Y-02
Front 221.35 30.12 240.2 33.01 204.22 74.66 2.4

3.3
1/24

1/20
Back −211.7 −27.51 −238.7 −34.49 −202.3 −118.2 4.2 1/15

C-01
Front 200.85 22.01 224.4 35.85 190.41 85.62 3.9

4.9
1/21

1/18
Back −180.5 −19.44 −213.3 −36.58 −181.1 −117.2 6.0 1/15
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this new type connection columns have good seismic defor-
mation capacity and are superior to cast-in-situ column in
deformation capacity.

3.2.4. Strength Degradation. The degradation coefficient of
strength λi is an important reference contents in the evalua-
tion of structural seismic performance, which can reflect the
nonlinear characteristics of specimens under cyclic load and
the change process of bearing capacity. The degradation
coefficient of strength is defined as follows:

λi ¼
Fi
j

F1
j
; ð3Þ

where Fi
j is the lateral load corresponding to the ith cycle

peak point at the jth level of loading and F1
j is the lateral load

corresponding to the first-cycle peak point at the jth level of
loading. Figure 11 shows the strength degradation coefficient
of each testing column and horizontal displacement of the
relationship. We can observe the following conclusions:

(1) As the lateral displacement increases, the strength
of each specimen constantly decays. As shown in
Figure 11, the strength degradation value with the
axial load ratio of 0.6 is greater than the columns
with an axial load ratio of 0.2. This indicates that
the strength degradation of the columns with larger
axial load ratio is greater.

(2) When the axial load ratio is 0.6, the strength degrada-
tion of the W01 and Y01 is significantly greater than
that of W02 and W03. Especially in the last displace-
ment control, the strength degradation value of W01 is
significantly reduced to below 0.8, while the strength
degradation values of W02 and W03 are remained
above 0.9. Generally, when the steel plate hoop
increases and thickens, the internal failure of the com-
ponent can be obviously improved, while the steel hoop
of Y01 has no obvious improvement on the failure of
the component. The strength degradation of C01 and
Y02 is similar, which indicates that this new type of
prefabricated connection has the same strength degra-
dation ability as the cast-in-situ structure. The seismic
capacity of the new connection columns is slightly
higher than that of the cast-in-situ columns.

3.2.5. Stiffness Degradation. With increasing lateral displace-
ment and number of cycles, the level of the specimens’ failure
continues to accumulate, resulting in stiffness degradation.
This failure is manifested in the following aspects: the devel-
opment of cracks, the yield of longitudinal steel bars and
stirrups, and the crushing of concrete. The secant stiffness
is used to represent the characteristics of the specimens, and
the stiffness equation is obtained as follows:

ki ¼
þFij j þ −Fij j
þΔij j þ −Δij j ; ð4Þ

where Δi is the peak displacement in the ith cycle of a
displacement-control loading protocol and Fi is the corre-
sponding peak load in the ith cycle.

Figure 12 shows the variation of the stiffness degradation
of all specimens with the lateral displacement, from which
we can observe the following.

The stiffness degradation curves of the cast-in-situ col-
umns (W01 and C01) and other prefabricated columns are
similar. As the lateral displacement increases, the stiffness of
all specimens are constantly decayed. When the displace-
ment is less than 40mm, the rate of stiffness degradation is
fast, and when the displacement is greater than 50mm, the
rate of stiffness degradation degrades slowly. This indicates
that assembled columns have similar stiffness degradation
resistance to the cast-in-situ columns. The stiffness degrada-
tion of columns (W02 and W03) is larger than Y01, which
indicates that the increase of steel tube thickness has little
effect on stiffness degradation resistance.

3.3. Analysis of Strain Test Results

3.3.1. Strain Analysis of Stirrups. Figure 13 shows the relation
curve between stirrup strain and lateral load at the sections
1-1, 2-2, and 3-3 of each specimen, and the position is shown
in Figure 6. We can observe the following:

(1) As shown in Figure 13, the section 1-1 is at the top of
the columns, and the stirrup strain values of all test
columns are relatively close. The bending moment of
section 1-1 is the smallest, so the strain value of the
stirrups is the smallest.

(2) The section 2-2 is in the middle of the test columns,
which is wrapped by steel plate hoop in the precast
concrete columns. This position is also inside the
connection, so the strain value of the stirrups is sig-
nificant difference in all test columns. The stirrup
strain of W02 and W03 specimens is slightly smaller
than the cast-in-situ column W01, while the stirrup
strain of Y01 and Y02 is significantly smaller than
that of W02 and W03. This shows that the steel plate
hoop and bolts share the stress by the stirrup in the
process of force transfer.

(3) The stirrup strain at section 3-3 of all test columns is
the largest because the section 3-3 is located at the
bottom of the columns and bears the largest bending
moment. The maximum value of stirrup strain in the
specimens (W02 and W03) is obviously smaller than
the specimens (W01 and Y01) without steel plate
hoop. This shows that the steel plate hoop effectively
limits the transverse deformation of concrete.

3.3.2. Strain Analysis of Longitudinal Reinforcements.
Figure 14 shows the strain-lateral load curves of longitudinal
reinforcements at sections 1-1, 2-2, and 3-3 in all test col-
umns, from which we can observe the following:
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(1) We can find that the shape of the blue curve is irregu-
lar, and this curve represents the strain of the longitu-
dinal reinforcement at section 3-3 in all columns. This
is mainly due to the tensile or buckling failure of the

longitudinal reinforcement at the section 3-3 of all
columns, resulting in the failure of the strain gauges.

(2) The red curve represents the strain of the longitudi-
nal reinforcement at section 2-2, and this position is
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FIGURE 11: Comparisons of strength degradation: (a) W01; (b) Y01; (c) W02; (d) W03; (e) C01; (f ) Y02.
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wrapped in the steel plate hoop. The strain value of
prefabricated columns is smaller than that of cast-in-
situ columns at the same location, as shown in
Figure 14. This shows that the steel plate hoops
and bolts help the longitudinal reinforcement to
bear a large amount of tensile stress during the pro-
cess of force transfer.

(3) The black curve represents the strain of longitudinal
reinforcement at section 1-1. The shape of this curve
in all specimens is similar, which indicates that the
tensile stress of longitudinal reinforcement of all test
columns at this position is similar.

To sum up, the strain of longitudinal reinforcement at
section 1-1 and section 3-3 is similar, while the strain at
section 2-2 is different, which indicates that the new type
connection can effectively transfer the tensile stress of longi-
tudinal reinforcement.

3.3.3. Strain Analysis of Steel Hoop. Figure 15 shows the
strain curve of the steel hoop at positions No. 4, No. 5, and
No. 6. The specific position of the steel hoop is shown in
Figure 4. The following conclusions can be obtained:

(1) The strain curves shape of columns W02 and W03 is
similar, while the shape of Y01 and Y02 is similar.
This is mainly because the specific positions No. 4,
No. 5, and No. 6 are different. In W02 and W03
columns, the positions No. 4 and No. 6 are on the
outside of the bolts, while in Y01 and Y02 specimens,
the positions No. 4 and No. 6 are between the bolts.

(2) In the W02 and W03, the peak strain value of steel
hoop at No. 5 position is the largest, and the peak
strain value at No. 4 and No. 6 positions is small,

while the peak strain value at No. 6 position is the
largest. This shows that the No. 5 position on the
tension side of the steel plate hoop bears the main
tension, while the No. 4 and No. 6 positions hardly
bear the tension. However, on the compression side
of the steel plate hoop, the whole side has to bear the
pressure. The more close to the column root, the
greater pressure born by the steel plate hoop. This
shows that the tensile force is gradually transferred
from the longitudinal reinforcements to the steel
plate hoop through the bolts.

(3) It is obvious that the strains of the steel hoop are far
from the yield strain. On one hand, it is because the
main function of the steel hoop is to transmit the
bending moment, and the bending moment borne
by the connection is not large; on the other hand,
in order to ensure that the steel hoop does not yield
and fail, the bearing capacity of the steel hoop has a
certain redundancy.

3.3.4. Strain Analysis of Bolts. Figure 16 shows the strain
curve of the bolts at positions No. 7, No. 8, No. 9, and
No. 10. The specific position of the bolts is shown in Figure 4.
The following conclusions can be obtained:

(1) All strain values are far below the yield strain of the
bolts, as shown in Figure 16. The curve shape of W02
and W03 is similar. The peak strain of bolts No. 7
and No. 8 is larger than bolts No. 8 and No. 9.

(2) The peak strain value of W02 reaches 500, and the
peak strain of W03 bolt is only 200, which indicates
that increasing the thickness of the steel plate hoop
can reduce the tensile force of the bolts. It is difficult
to make a comparative analysis because the positions
of bolts in Y01 and Y02 are different from W02 and
W03.

(3) The tensile stress of bolts is small, and it plays a small
role in limiting the transverse deformation of con-
crete. Therefore, the main function of the bolts is to
limit the slip between the steel plate hoop and the
precast concrete member.

4. Analysis and Calculation Methods of
Mechanical Properties

Through the above strain analysis of stirrups, longitudinal
reinforcements, steel plate hoops, and bolts at different posi-
tions, we can deduce the force transmission mode of the
force on the new type connection.

4.1. Analysis of Failure Mode. Under the lateral load V, the
relative movement trend is shown in Figure 17(a), and the
diagram of axial, bending moment, and shear received by
the test column is shown in Figure 17(b). According to the
above internal force diagram, the following four possible
failure modes can be obtained.
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4.1.1. Bending Failure of Section 2-2. The section 2-2 is the
seam of two precast concrete members, with weak connec-
tion and no longitudinal reinforcement passing through.
Although the bending moment borne by this section is not
the largest, the bending failure of CFST may occur. In order
to ensure the reliability of the connection, this failure is not
allowed.

4.1.2. Bending Failure of Section 3-3. This section 3-3 is at the
bottom of the column and bears the maximum bending
moment, so bending failure would occur. This destruction
is allowed, which is also consistent with the experimental
phenomenon.

4.1.3. Shear Failure of Bolts. In the process of bearing force,
the connection node mainly plays the role of transferring the
bending moment and shear force, and the bolts need to have
sufficient shear strength and tensile strength. In order to
ensure the reliability of the connection, this failure is also
not allowed.

4.1.4. Tear Failure of Steel Plate Hoop. The steel plate hoop
will produce cupping effect in the process of transferring
bending moment, which may cause the steel plate hoop to
tear. This failure is also not allowed.

In order to ensure the reliability of the new type connec-
tion and prevent the failure of No. 1, No. 3, and No. 4, the
length and thickness of the steel plate hoop in the connection
and the sectional area of the bolt should be designed.

4.2. The Bearing Capacity of Section 2-2. The section 2-2 is
composed of steel tube and concrete, without reinforcement
penetration, and it belongs to a typical rectangular steel tube
concrete section. Therefore, it can be calculated according to
the formula of medium-pressure bending members in the
technical specification for structures with concrete-filled
rectangular steel tube members [26], and the bearing

capacity shall meet the following two formulas at the same
time:

Mun ¼ 0:5Asn h − 2t − dnð Þ þ bt t þ dnð Þ½ �f ; ð5Þ

M
Mun

≤
1
γ
; ð6Þ

N
Nun

þ 1 − αcð Þ M
Mun

≤
1
γ
; ð7Þ

where Mu1 is the flexural capacity of the column under the
single bending moment, b and h are the length of the parallel
bending axial and vertical bending axial, respectively, t is the
thickness of the steel plate hoop,Asn is the section area of steel
pipe, dn is height of concrete compression zone in steel pipe, f
is the bending strength of steel plate, Nun is the compressive
capacity of the column under the single axial pressure, αc is
concrete work bearing coefficient, and γ is the coefficient,
which is taken as 0.8 according to the technical regulations.

4.3. The Bearing Capacity of Section 3-3. The section 3-3 can
be calculated according to the bending and compression
capacity of typical reinforced concrete. Its bearing capacity
calculation formula is calculated according to the relevant
formula in the code for design of concrete structures
(GB50010-2010) [21].

1. The calculation of flexural and axial capacity is given as
follows:

Mub ≤ α1f cbx h0 −
x
2

� �
þ f 0y A0

s h0 − α0sð Þ; ð8Þ

where Mub the flexural capacity of 2-2 section, α1 is equiva-
lent coefficient of concrete, fc is strength of concrete, A0

s is
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FIGURE 14: Strain curves of longitudinal reinforcement: (a) W01; (b) Y01; (c) W02; (d) W03; (e) C01; (f ) Y02.

16 Advances in Civil Engineering



section area of longitudinal reinforcement in compression
zone, h0 is effective height of section, and α0s is the distance
from the resultant force point to the edge of the section.

2. The calculation of shear capacity is shown as follows:

V ≥
1:75
λþ 1

ftbch0 þ ρsvfsvbch0 þ 0:07N; ð9Þ

where V the shear capacity of 2-2 section, λ is the shear span
ratio, ft is tensile strength of concrete, fsv is the tensile
strength of stirrups, h0 is effective height of section, and bc
is the section length of column.

4.4. The Shear Capacity of Bolts. In order to analyze the stress
condition of the bolts, the process of force transmission in
the new type connection can be analyzed, and each

component is isolated separately to analyze its stress condi-
tion, as shown in Figure 18.

As shown in Figure 18(a), the stress equilibrium state of
precast concrete member A is shown. According to the
mechanical equilibrium equation, the following three formu-
las can be obtained:

∑Fy ¼ 0À! N þ FV7 þ FV8 þ
Z

Lcd
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τcdbdx ¼
Z

h

0
σcebdx þ FV7 þ FV8 þ

Z
Lcf

0
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Z
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Z
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FIGURE 15: Strain curve of the steel hoop: (a) W02; (b) W03; (c) Y01; (d) Y02.
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∑Fx ¼ 0À! V þ FN7 þ FN8 þ
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FIGURE 16: Load-strain curve of bolts: (a) W02; (b) W03; (c) Y01; (d) Y02.
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where σcf , σcd, σcg, and σch are the compressive stresses
between the steel plate hoop and the concrete members;
τcf , τcd, τcg, and τch are the shear stress between the concrete
member and the steel plate hoop; FV7, FV8, FV9, and FV10 are
the shear forces borne by bolts No. 7, No. 8, No. 9, and
No. 10, respectively; L00 is the distance from the acting point of
σcf to the bottom edge; L0 is the distance from the acting point of
σcd resultant force to the bottom edge; and h

0
0 is the distance

from the acting point of σce resultant force to the bottom edge.
According to the stress situation, both l0 and h

0
0 are far

less than the value of l00. Therefore, in order to simplify the
calculation, the relevant terms of the two values in the For-
mula 12 can be omitted. So, the relevant terms of the two
values in the Formula 12 can be omitted. The value of τcd is
close to τcf , so the two formulas can be combined into 2τcf ,
and the following Formula 11 can be obtained.

V ⋅
L
2
¼

Z
Lcf

0
τcfbdx ⋅ hþ

Z
Lcf

0
σcfbdx

� �
⋅ L00

þ FV7 þ FV8ð Þ ⋅ h:
ð13Þ

According to the data provided in [27–29], and com-
bined with the steel hoop and concrete materials in this
test, the static friction coefficient between steel hoop and
member is 0.2. Therefore, the relation formula between τcf
and σcf can be obtained as τcf ¼ 0:2σcf . So, the Formula 14
can be obtained.

V ⋅
L
2
¼

Z
Lcf

0
σcfbdx ⋅ L00 þ 0:2hð Þ þ FV7 þ FV8ð Þ ⋅ h:

ð14Þ

Bringing Formula 11 into Formula 14, Formula 15 is
obtained.

V ⋅
L
2
− L00 − 0:2h

� �
¼

Z
Lcd

0
σcdbdx þ

Z
h

0
τcebdx

� �

⋅ L00 þ 0:2hð Þ þ FV7 þ FV8ð Þ ⋅ h:
ð15Þ

The two items τce and σcd can be ignored. The first reason
is that τce and σcd are small, and the second reason is that
they can improve the safety of bolts. So, the Formula 14 can
be obtained.

V ⋅
L
2
− L00 − 0:2h

� �
¼ FV7 þ FV8ð Þ ⋅ h; ð16Þ

FV7 þ FV8 ¼
V ⋅ L

2 − L00 − 0:2h
À Á

h
; ð17Þ

Asv ¼
V ⋅ L

2 − L00 − 0:2h
À Á

fsvh
; ð18Þ

where Asv is the bolts section area, V is the lateral load, L is
the distance from the lateral load to the bottom of column, h
is the height of concrete column section, fsv is the shear
strength of the bolts, and L00 is the distance from the acting
point of σcf to the bottom edge, and it is related to the length
of steel plate hoop.

5. Analysis of Theoretical Analysis and
Experimental Results

According to the above stress analysis, the calculation results
are shown in Table 4. Mun is the bending capacity of section
2-2, which can be calculated according to Formula 5 [30].
Mub is the flexural and axial capacity of section 3-3, which
can be calculated according to Formula 8. V is the shear
capacity of section 3-3, which can be calculated according
to Formula 9. Asv is the section area of bolts, which can be
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FIGURE 17: Internal force diagram of test columns: (a) deformation trend of the columns; (b) internal force diagram of the columns.
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TABLE 4: Theoretical calculation results.

Specimen Mun (kN·m) Mub (kN·m) M0 (kN·m) V (kN) Asv (mm2)

W01 655.7 695.3 502.2 (326.6)
W02 472.0 (329.6) 655.7 659.1 502.2 (307.2) 1,017.5 (1,519.76)
W03 565.0 (342.1) 655.7 684.2 502.2 (325.2) 1,017.5 (1,519.76)
Y01 472.0 (330.3) 655.7 660.5 502.2 (305.9) 1,235.3 (1,519.76)
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calculated according to Formula 18. The data in brackets are
the actual test values.

M0, as shown in Table 4, is the actual bending moment of
the columns, and it can be calculated according to Formula 19.

M0 ¼ Neþ VL; ð19Þ

where N is the axial pressure of the column, e is the lateral
displacement, V is the horizontal force, L is the length from
the lateral force to the column bottom, Ne is the bending
moment generated by eccentric action, and VL is the bending
moment generated by horizontal shear.

As shown in Table 4, the M0 is greater than Mub, and the
other calculated values ofMun, V, and Asv are all greater than
the test values. This shows that all test columns will occur
bending failure at section 3-3, and other failure forms will
not occur, which is is consistent with the test results.

6. Conclusion

This paper presents an experimental investigation on the
seismic performance of a fabricated connection columns
with steel plate hoop and bolts. Four fabricated columns
and two cast-in-situ columns were tested while subjected
to combined axial compression and cyclic lateral loading.
Based on the discussion of the test results, the following
conclusions can be made:

(1) The hysteresis curves of the new type connection
columns were plump and the pinch phenomenon
was not obvious. The interlayer displacement of all
test pieces was greater than 1/50, the displacement
ductility ratio of the fabricated columns was between
2.5 and 5.0, and the overall strength attenuation coef-
ficient was above 0.8. The prefabricated columns were
slightly higher than the cast-in-situ columns, and the
stiffness attenuation coefficient of prefabricated col-
umns was almost the same as the cast-in-situ columns.
In general, the new type column-to-column connection
was equivalent to the cast-in-situ connection, which
can provide reference for the application of prefabri-
cated concrete frame structure in the earthquake area.

(2) The strain curves at the locations, including longitu-
dinal reinforcements, stirrups, steel plate hoops, and
bolts, were analyzed. The main function of the steel
plate hoop in the new type connection was to trans-
mit the bending moment, and the tensile force of the
longitudinal reinforcement in the upper precast con-
crete member was transmitted to the lower member
through bolts and steel plate hoops [31]. Since the
connection point was not at the maximum bending
moment in this test, no yield deformation of the steel
plate hoops and bolts was observed, which was con-
sistent with the design result.

(3) The mechanical transmission mode of the new type
connection was analyzed. The formula for calculating
the bearing capacity of the connection was given,
including the minimum thickness of the steel plate

hoop, the length of the steel plate hoop, and the
section area of bolts. The rationality of the calcula-
tion formula was verified by comparing the test
results and the calculation results.

(4) The shear mechanism of this new type connection is
still unclear, and there is a lack of necessary shear
capacity test data and results. Therefore, the condi-
tions for this connection model to be applied to pre-
fabricated concrete beam-to-beam connections are
not enough.
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