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Abstract: To achieve rapid post-earthquake repair of self-centering ribbed floor flat beam frame structures, a
ductile hybrid joint consisting of dog bone weakened energy dissipating steel bars connected to the upper and
lower column sections through high-strength threads based on the damage control design concept is proposed.
By moving the ductile energy dissipating zone out to the locally weakened section of the energy dissipating
steel bars and the locally unbonded prestressed steel bars in the core area, the residual deformation was limited
and the seismic performance was improved. Based on the working principle of hybrid joints, low cycle loading
tests were conducted on two joint specimens to analyze the influence of lateral prestress on the seismic
performance of the hybrid joints. Numerical modeling methods were used to compare the position of the
energy-consuming steel bars in the composite layer and the friction performance of joints. The research results
indicated that the hybrid joint had stable load-bearing, deformation, and energy dissipation capabilities, with
damage primarily concentrated on the energy-consuming steel bars. Even at an inter-story displacement angle
of 5.5%, the upper and lower column segments remained elastic. After unloading, the connection seam at the
joint was closed, and the self-centering performance was good. When the inter-story displacement angle
reached 5.5%, the lateral prestress increased from 150 kN to 250 kN, the ultimate bearing capacity of the joint
increased by 16.3%, and the cumulative energy consumption increased by 30.0%. The influence of the friction
coefficient of the joint surface on the structural performance was set at a threshold of 0.7. When it was less than
the threshold, the ultimate bearing capacity and initial stiffness of the joint increased with an increase in the
friction coefficient. After reaching the threshold, the increase in the ultimate bearing capacity of the joint slowed
down, and the rate of stiffness degradation gradually accelerated. This joint had excellent seismic performance
and can also achieve post-earthquake repair of structures.

Keywords: prestressed friction joint; low frequency cyclic loading; energy dissipation performance; hybrid
joint; Low damage

1. Introduction

The self-centering ribbed floor flat beam frame structure was first created by the Institute for
Testing of Materials Republic of Serbia and is abbreviated as the "Yugoslav plate (IMS) structural
system." It has been widely adopted due to its excellent seismic resistance and construction speed.
The current seismic design concept of "small earthquakes are not harmful, medium earthquakes are
repairable, and large earthquakes are not collapsing” ensures the overall seismic energy dissipation
capacity and collapse resistance of the structure by allowing plastic deformation of components or
joints. These irreversible plastic residual deformations often have a serious impact on the normal use
of a structure and require repair after an earthquake. However, the repair work not only hinders the
normal operation of the building but sometimes even exceeds the cost of demolition and
reconstruction.

The National Institutes of Standards and Technology (NIST) [1-5] research project and the
Precast Seismic Structural Systems (PRESSS) program in the United States have proposed the use of
prestressing technology to control residual deformation of prefabricated concrete structures while
reducing damage to structural components by dissipating energy through joint energy dissipation
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systems. Morgen [6] designed and conducted experiments on setting friction damping energy
dissipation devices at both ends of prestressed prefabricated beam column joints. The results
indicated that pre-stressed prefabricated friction joints equipped with friction dampers had good
energy dissipation performance. Huang Linjie[7-8] completed 14 sets of prestressed concrete frame
joint tests with variable friction dampers (VFDs) placed in the joint area. The results showed that this
type of joint had good load-bearing capacity and ductility while effectively solving the problems of
high-order modal effects of self-centering structures, the reduced stiffness of joints after pressure
reduction, and excessive inter-story lateral displacement. To solve the problem of the difficult
installation of energy-consuming steel bars at the bottom of prefabricated beams with prestressed
prefabricated joints, Guo Haishan [9-10] proposed an asymmetric reinforcement structure of precast
prestressed efficiently fabricated frame (PPEFF) joints and conducted joint and overall frame tests.
The research showed that the PPEFF system had a fast construction speed, low labor consumption,
and excellent seismic and continuous collapse resistance performance. Wang Xianming
[11]Jcompleted a quasi-static test of an IMS prestressed slab column interlayer model with four
columns and two panels. The results showed that the frictional bending moment accounted for
approximately 45% of the ultimate bending capacity of the joint.

Currently, there has been relatively little research on the impact of friction torque at the end of
the IMS system composite beam on the seismic performance of joints, and there are problems with
the insufficient energy consumption of joints and difficulty in repairing the seismic toughness of
prefabricated components after earthquakes. To address the aforementioned issues, this article
proposes a ductile hybrid joint based on the concept of damage control that is connected to the upper
and lower column segments by high-strength threaded connections using dog bone weakened
energy-dissipating steel bars. Based on the working principle of hybrid joints, low cycle loading tests
are then conducted on two joint specimens, and numerical modeling methods are used to compare
the position of the energy-consuming steel bars in the composite layer and the friction performance
of the joints. The load-bearing, deformation, and energy dissipation capacity of the joints are studied
in order to achieve rapid post-earthquake repair of a structure by replacing damaged energy-
consuming steel bars and prestressed steel bars in the open channel for secondary tensioning.

2. Overview of Hybrid Joints

A hybrid joint with replaceable energy-consuming steel bars was constructed, as shown in
Figure 1. Prefabricated columns and bi-directional ribbed floor slabs were assembled together using
the post tensioning method to form a spatial frame structure with a laminated beam at the bottom,
and the concrete in the core area of the joint was in a triaxial compression state. The difference
between the lower prefabricated and upper cast-in-place composite beams of the prestressed
prefabricated frame structures and the upper cast-in-place composite beams is that the IMS system
composite beams are "sandwich" shaped (prefabricated at both ends and cast-in-place in the middle),
and the vertical connection surface of the "sandwich" type composite beam is more conducive to
bearing the bending moment at the beam end than the horizontal connection surface of the upper
and lower composite beams. On the basis of utilizing the construction space provided by the open
channel combined with the weakening method of the "dog bone" joint beam flange in steel structures,
the designated ductile energy dissipation zone was moved outward to the local weakening section,
and a hybrid connection prefabricated dense rib plate column joint was proposed.
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Figure 1. Hybrid joints with replaceable energy consuming steel bars.

As shown in Figure 2a, due to the channels on the corners of the IMS system floor slab and the
double-sided flat connection with the columns, this connection method is different from the
traditional single-sided flat connection of prefabricated beams and columns where the stress on the
two faces of the corners is interrelated. For the IMS system of rectangular columns, the bending
moment on one surface becomes the torque on another surface, and the torque in turn becomes the
bending moment on another surface, which is the torsional moment generated by the frictional shear
force. This torque is called the frictional torque at the end of the composite beam. The unique
frictional torque at the end of the laminated beam in the IMS system joint can generate relative sliding
friction energy dissipation through the plate column interface under large deformation, which has
the same effect as the energy dissipation devices added outside the joint. The spatial deformation and
force principle of the joint are shown in Figure 2b. The bending load at the end of the slab is
transmitted to the joint of the slab and column through the edge ribs and the post poured open
channel of the prefabricated slab. Under the action of earthquakes, the relative rotation between
prefabricated columns and prefabricated slabs causes close contact on one side of the prefabricated
slab and column, forming a rotation center. The open channel on the closer side undergoes slight
compression deformation, while the open channel on the farther side undergoes significant
elongation deformation, causing plastic damage to primarily concentrate on the contact section
between the open channel and the prefabricated column. In response to the phenomenon of poor
energy consumption in this type of joint, a hybrid connection structure of the energy-consuming steel
bars and prestressed steel bars is proposed in the joint open channel. The setting of energy-consuming
steel bars can significantly improve the energy consumption performance and post-earthquake
repairability of the joint. Lateral prestressed and composite beams provide out of plane constraints
to ensure sufficient and stable energy consumption capacity.
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Figure 2. Schematic diagram of joint deformation.

3. Experimental Overview
3.1. Test Piece Design

To study the seismic performance and functional recoverability of hybrid joints, two specimens
with the same overall geometric dimensions were designed in the experiment, numbered Al and A2.
The overall dimensions of the specimens are shown in Figure 3a. The total height of the prefabricated
column was 1600 mm, with a cross-sectional size of 360 mm x 360 mm. The concrete strength of the
open channel and the composite layer was C40. The thickness of the protective layer of the specimen
was 15 mm, the width of the open channel was 100 mm, the rib height of the prefabricated floor slab
was 150 mm, and the thickness of the composite floor slab was 120 mm. The magnitude of the lateral
prestress in the experimental design was used as a variable to study the influence of the frictional
torque at the end of the composite beam on the seismic performance of the joint. A total initial
prestress of 400 kN was applied to the longitudinal open channel prestressed reinforcement. The total
initial prestress applied to the transverse open channel prestressed reinforcement was 150 kN and
250 kN, with a protective layer thickness of 15 mm. Holes were reserved inside the prefabricated
column, and steel bar connectors were embedded. The research on the bearing capacity failure and
failure mechanism of the cast-in-place beam slab column joints under earthquake action is relatively
mature, so no comparative tests were conducted on the cast-in-place beam slab column joints.
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Figure 3. Configuration and dimensions of specimens.

The structure of the specimen joint is shown in Figure 3b. The longitudinal bars connecting the
upper and lower portions of the composite beam to the column were locally weakened and treated
without bonding. They were arranged in an open channel, and the longitudinal bars were connected
to the pre-embedded steel bars in the column through a steel thread connector. The prestressed bars
near the core area of the joint were changed from originally bonded to locally unbound. The
prestressed steel strands were wrapped with double-layer polyethylene tape for local unbound
treatment, and the length of the unbonded section was 500 mm. The length of the weakening section
of the energy-consuming steel bar was 120 mm, and the proportion of the section weakening was
15%. The prefabricated components and prestressed steel bars were made of 1x7 ® 515.2 steel strand
with a steel strand strength of fptk = 1928 MPa and fpy = 1786 Mpa and designed according to current
specifications [12]. The size structure and reinforcement are shown in Figure 4.
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Figure 4. Reinforcement details of specimens.

3.2. Material Properties

According to GB/T 228.1-2010[13] "Tensile testing of metallic materials - Part 1: Room
temperature test method," samples were collected from the internal steel bars of various key
components (all HRB400 grade), and material tensile tests were conducted. The mechanical
performance indicators of the steel bars with different diameters are shown in Table 1.

Table 1. Mechanical properties of steel.

Strength/ Mpa Elongation
Steel type Diameter (mm) Elastic modulus/(Mpa)
Yielding Ultimate Agt/%
16 482 657 2.17e5 20.1
12 441 603 2.05e5 22.6
Reinforced bar
8 428 584 2.11e5 23.7
6 406 552 2.05e5 24.3
Strands 1x7®s15.2 1786 1928 1.98e5 6.5

Note: the mechanical property data is the average of the test results of 3 specimens[14].

The design strength grade of the precast concrete components was C40. At the same time as
pouring each specimen, 150 mm x 150 mm x 150 mm cubic test blocks were constructed and cured
under the same conditions as the components. The average compressive strength of the concrete cube
measured during specimen loading was 41.0 MPa. To improve the early compressive strength and
final flexural strength of the grouting material, a high-strength non shrinkage grouting material
mixed with steel fibers was selected. The material properties are shown in Table 2.
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Table 2. Test mix proportion parameters and results.
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Compressive Flexural Fluidity
Water cement Volume strength/MPa strength/MPa /mm
ti tent/% Initial
e content/% 1d | 3d | 28d | 1d | 3d | 28d | " | 30min
value
0.145 15 65.0 72.7 80.5 | 84 | 11.8 | 109 305 285

3.3. Experimental Loading and Measurement Plan
3.3.1. Loading Device

The low cycle repeated loading test was conducted at the Engineering Structure Center of Hebei
Agricultural University. The loading device is shown in Figure 5a, and it consisted of one 1000 kN
vertical hydraulic jack, two 500 kN bidirectional CNC hydraulic jacks with ball joints, one set of ball
joint column caps with horizontal pull rods, and a reaction frame. The hydraulic jack was connected
to the loading point at the plate end using anchoring screws, steel clamps, and vertical hydraulicjacks
to apply axial pressure to the top of the column, and these could freely slide along the horizontal
direction with the specimen. To prevent out of plane overturning, rigid triangular supports were
installed at a distance of 20 mm from both sides of the specimen and fixed to the rigid ground by
anchor bolts.

.
ﬁﬂﬁﬂﬂﬁﬂ:ﬁﬁi*@

Seismic test of new: pregast prestri

ﬂm‘m

essed concretef

o

(a) Loading device

a— T o | .
a2 o ol | Reaction frame
& @ & &
: : Sliding Bearing Hydraulic jack : /:’
°° Bracket Spherical hinge ° e
- e ow ol e °

Steel rod — — : s st Turn buckle

’ o o f LVDT Specimen L

Displacement |o o Restraint truss et o o Anchor cable
meter \K . f,_/.-—:~5phcrical hinge
D6 D8
DI Bolt Dl;orce sensor [ L2

faalled

]

01

]

Figure 5. Test setup.

(b) Measuring instruments
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3.3.2. Measurement Plan

The arrangement of the displacement gauges is shown in Figure 5b. Displacement gauges D1 —
D8 were used to measure the displacement that occurs during the loading of the specimen.
Displacement gauges D1 and D2 measured the vertical displacement at the loading point of the plate
end, while displacement gauges D3 and D4 were used to monitor the vertical and horizontal
displacement of the column respectively during the loading process. Displacement gauges D5—D8
were placed at the connection between the prefabricated column and the composite beam to measure
the relative rotation of the joint. Strain gauges were symmetrically arranged on both sides of the open
channel at the bottom of the composite beam at the core area of the joint to monitor the strain changes
of the cross-section at the maximum bending moment. In addition, areas with complex local strain
distributions, such as the haunching area of the prefabricated panels and the upper portion of the
prefabricated panels, were sprayed with white latex paint to monitor plastic development. The
displacement, strain, and load data of the loading device mentioned above were all collected using
the DH5902 system .

3.3.3. Loading System

The experiment used quasi-static cyclic loading. First, a vertical axial force was applied at the
top of the column according to the nominal axial compression ratio (0.32) designed, and this was
maintained constant. We then used vertical displacement control loading at the plate end. The vertical
displacement loading system referred to the JGJ/T101-2015 "Code for Seismic Testing of Buildings"
standard[15], as shown in Figure 6. Before formal loading, preloading was used to check whether the
specimen connection was secure and whether the instrument was working properly. Loading was
conducted step by step to evaluate the remaining bearing capacity of the IMS joints after a major
earthquake and to ensure loading safety. The final inter-story displacement angle was loaded to 5.5%.
Among them, the inter-story displacement angle referred to the ratio of the plate end displacement
D to the length (1415 mm) from the plate end loading point to the column end. During the loading
process, it was specified that the vertical displacement of the bidirectional tension and compression
jack was positive when extrapolated and negative when pulled back.
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Figure 6. Test loading process.

4. Test Result and Discussions
4.1. Experimental Phenomena and Failure Modes

The test phenomena of the A1 and A2 test specimens were similar. Significant cracks appeared
at the joint between the plate and the column as the loading progressed in test specimen Al, and
eventually there was significant opening and closing. When the inter-story displacement angle
reached 1%, cracks appeared on the surface of the plate above the lateral open channel and expanded
toward the direction of the prefabricated column. Vertical cracks appeared in the haunching area at
the bottom of the prefabricated plate. When the inter-story displacement angle reached 2.5%, the
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concrete in the haunching area at the bottom of the prefabricated plate was crushed and peeled off.
Figure 7 shows that as the interlayer displacement angle increased by 5%, the maximum opening gap
between the plate and column reached 18 mm. Due to the repeated tensile and compressive buckling
of the energy-consuming steel bars, the concrete at the bottom of the exposed channel slab swelled,
and the concrete protective layer at the root of the composite beam collapsed and peeled off. After
loading stopped, there was significant residual deformation at the joint. Throughout the entire
loading process, the prestressed steel bars were basically in an elastic state, and the lateral bending
friction torque provided by the lateral prestressed steel bars always provided effective constraints.

1

SCJ2-1/67 |

Top of test
specimen

SCJ2-1/20

!4"@ .
>

Bottom of test
specimen

Figure 7. Test phenomena during loading.

The longitudinal prestress of specimen A2 was the same as that of specimen A1, but the lateral
prestress was different. During the early stage of loading, the test phenomenon was similar to that of
specimen Al. After joint cracking , the energy-consuming steel bars deformed. However, as the inter-
story displacement angle increased, the column corner was crushed and peeled off at the intersection
of the plate and column. When the inter-story displacement angle reached 5%, the opening width at
the joint reached 16 mm, and the concrete at the bottom of the laminated beam that connected to the
column was crushed and peeled off. The horizontal cracks on the side of the haunched area at the
bottom of the slab continued to expand and extend. When loaded to the final displacement angle, the
specimen floor experienced significant out of plane displacement, causing tearing between the
prefabricated panel and the laminated layer. When the test loading was completed, the joint still
maintained good shear resistance and self-centering ability.

4.2. Hysteresis Curves and Skeleton Curves

The hysteresis curves of the plate end load interlayer displacement angle for each specimen are
shown in Figure 8. It can be seen that the hysteresis performances of the joints in the positive and
negative directions were different due to the influence of the floor slab. Due to the characteristics of
"small deformation rigid consolidation and large deformation flexible energy dissipation" of joints,
they resisted the shear force at the beam end and consumed seismic energy, resulting in a fuller
hysteresis curve after increasing the lateral constraint load. During the initial stage of loading, the
hysteresis curve showed a linear variation. As the inter-story displacement angle increased, the
energy-consuming steel bars gradually yielded. As the number of cyclic loading increased, the
concrete at the positive end of the slab cracked, and the joints cracked into plastic hinges; the
hysteresis curve showed obvious bending, gradually transitioning to a bow shape, with significant
pinching phenomenon. After the specimen reached its peak load, the bonding force between the
energy-consuming steel bars and concrete gradually failed, and the overall stiffness of the structure
decreased more significantly. The hysteresis curve becomes fuller, and the residual deformation
rapidly increased after unloading. A comparison showed that an improvement in the lateral prestress
significantly improved the seismic performance of the joints under large earthquakes. This was
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primarily because the lateral prestress was directly proportional to the lateral friction torque of the
composite beam column. When the bidirectional friction joint bended and deformed in one direction,
the prestress in the other direction produced compression, embedding, and constraint balance effects,
thereby improving the energy dissipation performance of the joint.
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Figure 8. Load-displacement curve.

Figure 9 shows the skeleton curves of each specimen. It can be seen that the development trends
of the skeleton curves of the two specimens were basically consistent. After the yield of the energy-
consuming steel bars, each specimen entered the plastic strengthening stage, and the load on each
specimen increased. After reaching the peak load, the bond strength between the prestressed steel
bars and the concrete was gradually destroyed, and a decreasing section quickly appeared. After
increasing the lateral prestress of the specimen by 100 kN, the positive peak load increased by 16.3%
and the negative peak load increased by 17.8%. In addition, it was calculated that the positive
displacement ductility coefficient and negative displacement ductility coefficient of specimen A2
were increased by 18.9% and 26.3%, respectively, compared to specimen Al, indicating that an

increase in the lateral prestress improved the ductility of the joint and significantly increased its
seismic toughness.
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Figure 9. Skeleton curves.

4.3. Accumulated Energy Consumption

Based on the hysteresis curve of the specimen in Figure 8, the area of each half cycle hysteresis
loop was calculated and accumulated sequentially to obtain the cumulative energy consumption
change curve of each specimen, as shown in Figure 10. As the number of loading cycles increased,
the cumulative energy consumption of each specimen continuously increased. The cumulative
energy consumption curve of specimen A2 was consistent with the basic trend of specimen Al,
showing a different energy consumption performance after a displacement angle of 1.5%. When the
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displacement angle was 5.5%, the cumulative energy consumption of specimen A2 was 30.0% higher
than that of specimen Al. The experiment showed that increasing the frictional torque at the end of
the composite beam enhanced the constraint effect of joint torsion. Due to the plastic failure of the
plate bottom haunching area and the plate column joint surface, most of the energy was absorbed. In
summary, under large deformation conditions, the frictional torque at the end of the composite beam
made a significant contribution to the energy dissipation of the joint.

10 T T T

C 1 1 1 1
0 1 2 3 4 5 6

Drift ratio (%)

Figure 10. Cumulative energy dissipation curves.

5. Finite Element Analysis
5.1. Model Establishment

As shown in Figure 11, ABAQUS software was used to model the experimental joints in a three-
dimensional solid manner. The geometric dimensions, boundary conditions, and loading methods of
the model were consistent with those of the experiment. The separated modeling method was used,
and steel that used a three-dimensional truss linear element, T3D2, concrete, and steel plates all used
solid elements . Considering the effects of large deformation and contact in the simulation, C3D8R
elements were used for the edge beams, columns, and exposed channel concrete, while linear non-
coordinated mode elements, C3D8I, were used for the joint mortar and prefabricated floor slabs. To
more effectively simulate the pinching effect of the hysteresis curves, the PQ fiber [16] user material
subroutine developed by Tsinghua University was used. The concrete plastic damage (CDP) model
considers the constraint of hoop reinforcement on concrete and uses different uniaxial compressive
stress-strain relationships of concrete to describe the components in the model. For the composite
layer and post poured concrete in the open channel, the plain concrete model provided in attachment
[17] was used. For the concrete in prefabricated columns and slabs, the model provided by Légeron
[18] was used.
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Figure 11. Finite element model of middle joint specimen.

5.2. Finite Element Results and Analysis

A comparison of the hysteresis curve test and simulation results of the low cycle reciprocating
loading of joints is shown in Figure 12. It can be seen that the overall trend of the simulation results
was the same as that of the test hysteresis curve. The relative error between the test ultimate load and
the finite element simulation load was basically within 15%. The unloading stiffness in the simulation
matched well with the test hysteresis curve. Due to the idealization of the boundary conditions and
the connection between the test components in the finite element model, there was a certain degree
of separation between the finite element simulation curve and the test curve. However, overall, the
finite element results were in good agreement with the test results, indicating that the established
finite element model better simulated the stress characteristics of joints in IMS under repeated loads.
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(a) Specimens of Al (b) Specimens of A2

Figure 12. Simulation and test hysteretic curves.

Figure 13a,b show the stress cloud maps of the steel reinforcement skeleton and concrete at a
loading displacement angle of 1/20 for joint Al. It can be seen that the stress on the upper left end
and lower right end of the composite beam at the joint was relatively high, primarily due to the large
bending moment at that location. The bottom energy-dissipating steel bars increased the ductility of
the joint under repeated action during the yield stage, which was consistent with the deformation of
the joint area and the strain of the steel bars during the experiment. According to the Mises stress
cloud map of the concrete cross-section in the core area, there was a significant stress concentration
in the column corner area and the haunch area at the bottom of the slab. This result was in good
agreement with the failure mode observed during the loading process.

(a) Reinforcement stress (b) Concrete stress

Figure 13. Stress nephogram of Al reinforcement and concrete.
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5.3. Parametric Analysis

Figure 14 shows that due to the pre-stressed assembly type ribbed plate column structure, the
prefabricated plate corners had grooves and were connected to the columns on both sides, which was
different from the traditional single-sided flat connection of prefabricated beams and columns. The
stress on the two faces of the plate corners was interrelated. For the rectangular column IMS joints,
the bending moment on one face will become the torque on the other face, and the torque will become
the bending moment on the other face. This is the torsional moment generated by frictional shear
force that is called the frictional torque at the end of the composite beam. The unique frictional torque
at the end of the laminated beam in the IMS system joint generated relative sliding friction energy
dissipation through the plate column interface under large deformation, and this had the same effect
as the energy dissipation devices added outside the joint. To investigate the influence of frictional
torque at the end of the composite beams on the seismic performance of the pre-stressed assembled
ribbed plate column joints, the numerical model of specimen A1 was used as an example. In addition,
the friction coefficient of the plate column contact surface and the thickness of the post poured
composite layer were selected as the primary influencing factors for parameter analysis.

l Niat

Ntot Ntot

blat

T Niat

Figure 14. Influence of overlay settings on joint deformation.

5.3.1. Friction Coefficient

The friction coefficient of the plate column contact surface is an important parameter that affects
the frictional torque at the end of the laminated beam in IMS joints. Referring to the recommended
values in the specifications and considering unfavorable factors such as poor construction quality of
the contact surface, the friction coefficients were set at 0.2, 0.4, 0.6, 0.7, 0.85, and 0.9 for the parameter
analysis. The load displacement angle skeleton curves under different friction coefficients are shown
in Figure 15. It can be seen that the friction coefficient of the plate column joint surface had a
significant impact on the bearing capacity, stiffness, and ductility of the joint. The larger the friction
coefficient of the joint surface between the plate and column, the greater the peak load of the joint.
During the early stage of loading, the joint was in the elastic stage, and the initial stiffness curve trend
was basically consistent. After the specimen yields, the maximum bearing capacity of the joint
increased with an increase in the friction coefficient, but the increase was no longer significant after
reaching 0.7. When the friction coefficient of the specimen exceeded the ultimate load, the skeleton
curve was relatively stable. The joint had good ductility, but the bearing capacity was not high.
Therefore, in practical engineering, structural measures should be taken to ensure that the friction
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coefficient of the plate column joint surface is greater than 0.7 to ensure that the joint has high bearing
capacity and ductility.

Vertical force (kN)
)

6 4 2 0 2 4 6
Drift ratio (%)

Figure 15. The skeleton curves of Al under different friction coefficients.

5.3.2. Laminated Layer

Due to the non-prestressed state of the composite layer and the post poured concrete in the
exposed channel, when the precast component concrete was damaged, the post poured concrete in
the composite layer and the exposed channel did not yet reach the ultimate compressive strain. The
setting of the composite layer helped to improve the ductility of the joint and delay a decrease in the
joint's bearing capacity. The thicknesses of the composite layer were set to 50, 75, and 100 mm for the
parameter analysis. The load displacement angle skeleton curves for the different thicknesses of the
composite layer are shown in Figure 16. It can be seen that the composite layer had a significant
impact on the bearing capacity and ductility of the joint after yielding. As the thickness of the
composite layer increased, the bearing capacity of the joint increased at the same displacement angle.
The peak load of the specimen with a composite layer thickness of 50 mm was approximately 21.32%
greater than that of the specimen without a composite layer. The peak load of the specimens with a
composite layer thickness of 75 mm and 100 mm was 7.6% and 15.38% greater than that of the
specimen with a composite layer thickness of 50 mm, respectively. The bearing capacity of the
specimen without a composite layer decreased significantly after the peak load, and the ductility and
integrity were poor. Therefore, to ensure high strength and ductility of IMS joints, the thickness of
the cast-in-place layer of the composite floor slab should be greater than 75 mm and a certain amount
of composite floor slab reinforcement should be configured.
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=50 |
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-100 | - 50
— 75
150 F —7— 100
-200 5 L L
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Drift ratio (%)

Vertical force (kN)

Figure 16. The skeleton curves of Al under different laminated layer.

6. Conclusion

(1) The hybrid joints had stable load-bearing, deformation, and energy dissipation capabilities,
with damage primarily concentrated on the energy-consuming steel bars. Even at an inter-story
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displacement angle of 5.5%, the upper and lower column segments remained elastic. After unloading,
the connection seam at the joint was closed, and the self-centering performance was good. The lateral
prestress increased from 150 kN to 250 kN, and the ultimate bearing capacity of the joint increased
by 16.3%. When the loading displacement angle was 5.5%, the cumulative energy consumption was
30.0% higher .

(2) The IMS composite layer and the post poured concrete in the exposed channel were in a non-
prestressed state. When the precast component concrete failed, the post poured concrete in the
composite T-beam had not yet reached the ultimate compressive strain. Setting a composite layer can
not only enhance the overall integrity and reliability of a structure but can also help improve joint
ductility and delay a decrease in the joint bearing capacity.

(3) The friction coefficient threshold of the joint surface is 0.7, which can have an impact on the
structural performance. When it was less than the threshold, the ultimate bearing capacity and initial
stiffness of the joint increased with an increase in the friction coefficient. After reaching the threshold,
the increase in the ultimate bearing capacity of the joint slowed down, and the rate of stiffness
degradation gradually accelerated. This joint had excellent seismic performance and also achieved
post-earthquake repair of the structure.
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