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Abstract: A novel prestressed precast reinforced concrete (RC) beam-column joint, composed
of prestressed tendons, stiffened steel sleeves, and high-strength bolts, having improved self-
centring ability and assembly efficiency is proposed in this paper. Four prestressed precast RC
joints assembled by steel sleeves and one cast-in-place RC joint were tested under cyclic
loading to investigate the seismic response of the proposed joint. The main parameters studied
are the axial compression ratio of columns, stirrup ratio in the core area of the proposed joint
and effective prestress of tendons. The energy dissipation capacity, bearing capacity, and self-
centring ability of the prestressed precast RC beam-column joints assembled by steel sleeves
are higher than those measured for the cast-in-place RC joint. For the prestressed precast RC
joints assembled by steel sleeves, both yield and ultimate displacements increase with the
increase of the axial compression ratio, stirrup ratio and effective prestress, but the ductility
decreases with the increase of the axial compression ratio and effective prestress. The increasing
of axial compression ratio can lead to an increase in the energy dissipation capacity, shear
capacity and residual displacement. Finally, formulae to predict the shear capacity of
prestressed precast RC joint assembled by steel sleeves are proposed, being in good agreement

with the experimental results.
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1. Introduction

In a seismic event, beam-column joints are the most crucial component in reinforced
concrete (RC) frame structure, playing a significant role in transferring internal forces between
beams and columns. Therefore, a reliable and effective design of beam-column joints is
particularly important to ensure the safety of structures [1-5]. Precast RC beam-column joints
have many advantages, in comparison with traditional in-situ RC joints, such as faster
construction, high production efficiency, less onsite wet work, less waste, and high-quality
assurance and standardization of components. Furthermore, the use of prestressed
reinforcement ensures the integrity of joints, inhibits crack development, and enhances post-
earthquake recovery [6-8]. Therefore, prestressed precast RC beam-column joints are widely
used in various structures, and their mechanical performance is the focus of many research
investigations [9].

There are usually two structural types of precast RC joints: wet and dry connections. In
dry connections, the precast structural elements are directly connected to each other and no
cast-in-place concrete is used, achieving many advantages such as convenient connection,
better assembly degree, and higher construction efficiency [10-11]. Over the past decades, a
considerable number of prestressed precast assembly RC joints have been proposed and their
proof of concept has been experimentally investigated. For example, Korkmaz et al. [12]
proposed a new type of precast concrete beam-column connections with a cantilevered beam
extending a certain length out from the side of the column, in which the reinforcements at the
top and bottom of the precast beam were welded firmly to the cantilevered reinforcement, and
concrete was cast at the connection site. The test results showed that the new precast concrete

beam-column joint has a larger bearing capacity and stiffness than traditional cast-in-place
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joints. Kim et al. [13] investigated the seismic performance of prestressed precast RC beam-
column joints using the post-tensioning technique, which exhibited a good structural seismic
performance. Cai et al. [14, 15] proposed a new prestressed precast beam-column joint
assembled with unbonded post-tensioned prestressing tendons, bolts, and angles. The effect of
initial prestressing on the seismic performance of such joints was investigated, demonstrating
the reliability of the post-tensioned prestressing tendons in the application of precast joints.
Vidjeapriya et al. [16] conducted an experimental study on the seismic performance of precast
RC beam-column joints consisting of a bull leg and ribbed angles, connecting the precast
concrete beam-column into a single unit by means of angles and bolts. The test results showed
that the ductility and energy dissipation capacity of the proposed precast joints outperform those
of the cast-in-place joints. The above studies show that, the assembled joints connected by
prestress tendons have good self-centring ability and shear capacity. The application of steel
plates can improve ductility and enhance the seismic performance of precast joints.

Bolted dry connections are equally effective in meeting the structural integrity and strength
of joints. Erats et al. [17] performed low cycle loading test on five specimens of precast RC
bolted and welded connections, and found that, compared with the welded joints, the bolted
joints are superior in bearing capacity, energy dissipation capacity, ductility, construction and
production. Nakaki [18] and Englekirk [19] proposed a bolt-high ductility joint with high
deformation capacity and less damage compared to cast-in-place joints, they reported the failure
mode of the joint is not so significant when the interlayer displacement reaches 3.5%. Liu et al.
[20] designed a new type of precast RC beam-column joint, which is connected by bolts and
welding, and this bolted beam-column joint has a higher load-bearing capacity compared to
cast-in-place joints. Choi et al. [21] proposed an RC beam-column joint using steel plates,
bolted connections and post-cast engineered cementitious composite (ECC), which was studied

in a quasi-static experiment. The results showed that the joint has a better load capacity and
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ductility than the cast-in-place joint. Bai et al. [22] proposed a novel precast replaceable RC
joint with high-strength bolts at steel beam-column connectors, that experimentally exhibited
satisfactory energy dissipation capacity and hysteretic behavior. The above studies show that
the precast joints connected by bolts are efficient in construction and satisfy the seismic
performance of the joints. However, the effect of bolts on the self-centring ability and stiffness
of joints is not considered.

In order to improve the energy dissipation capacity, ductility and assembly efficiency of
prestressed precast RC joints, a new type of prestressed precast RC beam-column joint
assembled by steel sleeves is proposed in this paper. The steel sleeve stiffeners could resist the
action of positive and negative bending moments. The prestressed tendons penetrating the
precast beams and columns were stretched using the post-tensioning method, ensuring the joint
integrity and providing excellent post-earthquake recovery ability. The influence of the design
parameters, including the axial compression ratio, stirrup ratio and effective prestress
established at the end of the beam, on the seismic performance and shear capacity of the new
type of joint is studied. A method to evaluate the shear capacity of the prestressed precast RC
beam-column joints assembled by the steel sleeves is also proposed and verified by the
experimental results.

2. Experimental program
2.1. Details of the proposed connection

The connection details of the test specimens are shown in Fig. 1. The prestressed precast
RC joints assembled by steel sleeves had the same dimensions as the cast-in-place RC joints.
The prestressed precast RC joints assembled by steel sleeves consisted of five parts: the precast
RC beams, the precast RC columns, the beam steel sleeves, the column steel sleeves, and the
prestressed tendons. The proposed joint can be quickly assembled on site by the restraint of the

steel sleeves, prestressed strands and high-strength bolt connections. As the cross-sections of
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the precast beams were slightly smaller than the inner dimensions of the steel jacket of the beam
end extension, grouting joints were reserved between the concrete and steel sleeve, and a high-
strength grout was injected to form an effective bond between the concrete and the steel sleeve.
The steel sleeves were aligned with the holes in the column body, high-strength bolts were, then,
used to secure the steel sleeves in place, and high-strength grouts were injected into the steel
sleeves. Finally, the high-strength bolts were tightened after curing. The fabrication process of
the specimens tested is shown in Fig. 2. In order to enhance the slip resistance of the steel-
concrete interface, a certain number of shear pins were welded on the inner side of the beam
steel sleeve [23]. The bubble paper, bone-dewing agent, and chiseling were also adopted to
increase the roughness of the concrete surface in the inserted part, so that the steel sleeve and
the concrete could maintain good connectivity and integrity. After positioning and aligning the
bolt and the prestressing apertures, high-strength friction-type bolts were installed for assembly
and fixing, followed by tensioning the prestressed tendons through the reserved prestressing
apertures to ensure that the prestressed tendons were in an elastic state during loading, so that

the joints had a certain safety reserve.

Precast
,+_‘ ‘ beam Precast colum
\ 1 Column steel
sleeve
Beam steel = -
sleeve Y
]
@

L g

— Prestressed

Concrete %4— Steel bar tendon

Fig. 1. Details of the interior connections.
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(d) Precast beam assembly (e) Precast column assembly (f) Assembled specimen
Fig. 2. Specimen preparations.

2.2. Specimen design

A total of five specimens were prepared and tested under cyclic loading, including four
prestressed precast RC joints assembled by steel sleeves and one cast-in-place RC joint, marked
as ZJ-1, 7J-2, 7ZJ-3, ZJ-4 and XIJ-1, respectively. The tests were conducted to study the
influences of the axial compression ratio, stirrup ratio in the core area, and effective prestress
established at the end of the beam. The axial compression ratio (N/Ny) is defined as the applied
axial load (M) to the yield strength of the entire column section (Ny). The effective prestress is
the stress remaining in the prestressed tendon after some prestress loss occurred. The design of
joint specimens was based on the design standards of GB 50011-2010 [24], JGJ 138-2016 [25]
and GB 50017-2010 [26]. The economical reinforcement ratios of beams and columns in frames
are 0.6%~1.5%; and 0.6%~3.0%, respectively, whereas the maximum reinforcement ratio of
columns is 5.0% [27]. The steel reinforcements of beams and columns in the current
investigation were selected on the higher side to allow a larger capacity of connections and a
wider range of loading and behaviour. Therefore, three reinforcing bars with diameter of 25 mm

(reinforcement ratio = 2%) were provided at the top and bottom of the beam cross section,
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whereas twelve reinforcing bars of 18 mm diameter (reinforcement ratio=2.5%) were uniformly
distributed in the column section as shown in Fig. 1. It is also to be noted that the section of
column was designed to be stronger than that of beam, ensuring ductile behaviour of connection
and easier retrofitting after earthquakes. Table 1 shows the design parameters of the specimens
tested.

Table 1 Parameters of the specimens tested

Axial Stirrup ratio Bolt diameter Steel plate Effective

Specimen Type

compression ratio (%) (mm) thickness (mm) prestress (MPa)

ZJ-1 Precast 0.1 0.12 27 10 636.9
7J-2 Precast 0.2 0.12 27 10 656.3
VARR] Precast 0.1 0.12 27 10 926.5
7J-4 Precast 0.1 0.21 27 10 694.8
XJ-1 Cast-in-place 0.1 0.21 - - -

The geometric dimensions and reinforcement details of all specimens are shown in Fig. 3.
The length and height of the specimens ZJ-1 to ZJ-4 were 3300 mm and 2030 mm respectively,
while the length and height of specimen XJ-1 were 3290 mm and 2030 mm respectively. The
concrete cover thickness of the steel reinforcement was 20 mm. The dimension of the reinforced
concrete beam cross-section of all specimens was 200 mm x 350 mm. The length of both the
left and right beams of specimens ZJ-1 to ZJ-4 was 1440 mm, and that of specimen XJ-1 was
1470 mm. The precast RC column had a square section of 350 mm % 350 mm, a height of the
upper column of 1110 mm, and a height of the lower column of 910 mm. The diameter of the
prestressed orifice on the RC beam and column was 32 mm, and the diameter of the prestressed
orifice for the bolts on the column was 42 mm. HRB400 grade steel reinforcements were used
for all the specimens. Two diameters of 25 mm and 16 mm were used for the longitudinal
reinforcements in the concrete beam. The diameter of the stirrups was 10 mm, and the
prestressed tendon was ¢ 15.2. The RC column was reinforced with 12 longitudinal steel bars
with a diameter of 18 mm and lateral stirrups with diameters of 6 mm and 8 mm. Q235 grade

steel was used for the steel sleeves. The beam steel sleeve consisted of a flange plate, a beam
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extension sleeve and a stiffener. The dimension of the stiffener was 120 mm X 120 mm, and the

thickness was 20 mm. The thickness of the steel sleeve was 10 mm. The column steel sleeve

consisted of a flange plate and an internal horizontal spacer. The total height of the column steel

sleeve was 940 mm, and the section size was 350 mm X 400 mm. The section size of the beam

sleeve was 250 mm x 400 mm, and the length was 300 mm. The diameter of the reserved holes

for the bolts on the beam and column steel sleeve was 40 mm, and the diameter of the reserved

holes for the prestressed tendons was 30 mm. Six 10.9 grade M27 high-strength friction bolts
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Fig. 3. Dimensions and details of test specimens (unit: mm).

2.2. Material properties and testing procedure

Grade C40 concrete was used for all test specimens. The mix proportion of concrete is
presented in Table 2. Six groups of 150 mm x 150 mm X 300 mm concrete prism specimens
were fabricated and cured for 28 days to obtain the axial compressive strength and elastic
modulus according to GB/T 50081-2019 [28]. Additionally, the 28-day compressive strength

was measured for three 100-mm concrete cubes. The test results were summarized in Table 3.

Table 2 Concrete mix proportion

Water (kg/m?)  Sand (kg/m®)  Cement (kg/m?) Gravel (kg/m?) Water—to—cement ratio
185 533 487 1245 0.41

Table 3 Concrete properties

Specimen Cube compressive strength  Axial compressive strength Modulus of elasticity
(MPa) (MPa) (GPa)
42.8 28.9 32.3
C40 41.9 27.6 32.1
42.6 27.5 32.5

The steel plates, prestressed tendons, and reinforcements were tested according to GB
228.1-2021 [29], and the mechanical properties of these materials are listed in Table 4.

Table 4 Material properties of steel materials

Yield strength Ultimate strength Elastic

Components Diameter(mm) (MPa) (MPa) modulus(GPa)
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Steel plate — 314.1 483.3 206.0

Prestressed tendon 15.2 — 1930.2 195.0
M27 bolt 27.0 900.0 1000.0 211.0

6.0 4214 539.3 200.0

8.0 445.2 602.7 200.0

Steel bars 10.0 436.5 594.1 200.0
16.0 451.3 587.3 200.0

18.0 442.5 593.2 200.0

25.0 455.7 603.6 200.0

Fig. 4 shows the joint assembly test rig. Before the joint loading, a 1900kN capacity
hydraulic jack was used to apply constant vertical pressure at the top of the column. The axial
load applied to the column specimen was determined according to the axial compression ratio
of the specimen and was kept constant throughout the loading process as monitored by a load
sensor. At the end of the column, an actuator with a capacity of SO0kN was used to apply a
reciprocating displacement. The horizontal load and displacement at the end of the column were
recorded by an actuator data acquisition system. The axial deformation of the column under
load is calculated from the recorded displacement of the actuator minus the slip at the bottom
that is measured by a displacement gauge located at the column end of the specimen. The
loading regime prescribed by JGJ/T 101-2015 [30] was adopted. As shown in Fig 5, a mixed
load-displacement control method was utilized. At the beginning of the test, a load-control
mode was adopted, and the load amplitude of each loop was set as 30%, 75% and 100% of the
initial yield load, and each load level was applied only once. When the yield load was reached,
displacement-control mode was used. The applied displacement at each cycle was
incrementally increased, such as Ay, 24y, 34y, ..., n4y, and each displacement level was repeated

three times until the specimen failed.
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Fig. 6 Layout of LVDTs and strain gauges of specimens: (a) layout of strain gauges, (b) layout of LVDTs.

3. Experimental results and discussions
3.1. Load-displacement curves

Fig. 7 shows the horizontal load-displacement relationship of the five beam-column joints.
As can be seen, both the initial stiffness and horizontal bearing capacity of the specimens ZJ-1,
Z]J-2,7J-3, and ZJ-4 are larger than those of specimen XJ-1, and they show better linear elastic
behavior at the initial stage of loading. In addition, the overlap of the hysteresis curves of each
loading cycle of specimens ZJ-1, ZJ-2, ZJ-3 and ZJ-4 is better than that of specimen XJ-1,
indicating that the recovery performance of prestressed precast RC joints assembled by steel
sleeves is better than that of the cast-in-place one, but the hysteresis curve of cast-in-place
specimen XJ-1 is fuller than that of specimens ZJ-1, ZJ-2, ZJ-3 and ZJ-4. Compared with
specimen ZJ-1, the horizontal bearing capacity of specimen ZJ-2 is improved. The deformation
of the core area is relatively small, and the pinched phenomenon is improved, confirming that
the increase in axial compression ratio inhibits the development of core diagonal cracks to a
certain extent. Under the same conditions, specimen ZJ-3 shows an increase in initial stiffness,
horizontal yield load, and horizontal ultimate load compared with specimen ZJ-2 because of
the increase in prestress. For the specimen ZJ-4, the cyclic hysteresis curve is fuller, and the
stiftness and strength degradation are relatively smaller, indicating that the increase of the
stirrup ratio in the core area of the joint improves the ductility of the prestressed precast RC

joint assembled by steel sleeves.

12
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3.2. Envelope curves

Fig. 8 shows the envelope curves of the beam-column joints. Table 5 lists the horizontal
yield displacement 4y, horizontal ultimate displacement 4y, and displacement ductility ratio u«
of the beam-column joints tested. The positive peak bearing capacity Pm of specimen ZJ-1 is
164.5 kN, which is 52.0% higher than that of the cast-in-place specimen XJ-1. The horizontal
ultimate displacement is reduced by 10.1% due to the effect of prestressed tendons and steel
sleeve stiffeners. Compared with specimen ZJ-1, the maximum horizontal bearing capacity and
horizontal ultimate displacement of specimen ZJ-2, subjected double the axial compression
ratio of 0.2, increased by 4.1% and 9.0%, respectively. Compared with the specimen ZJ-1, the
maximum horizontal bearing capacity of the specimen ZJ-3 increased by 8.6%, the horizontal
ultimate displacement increased by 6.6%, the shear bearing capacity of the core area of the
prestressed precast RC joint assembled by steel sleeves was significantly improved, and the
ductility was better. The results indicate that the increase of effective prestress established at
the end of the beam improves the shear resistance of the prestressed precast RC joints assembled
by steel sleeves. As the stirrup ratio in the core zone of specimen ZJ-4 is 0.21%, the horizontal
peak bearing capacity is 12.8% and 72.0% higher than these of specimen ZJ-1 and specimen
XJ-1, respectively. The horizontal ultimate displacement is 4.0% higher than that of specimen
XJ-1, and the post-peak bearing capacity degrades relatively slowly. It can be observed that,
the restraining effect of the stirrup on the core area is more efficient than that of prestressed
tendons. It can be seen from Fig. 8, the stiffness of the specimens ZJ-1 to ZJ-4 is greater than
that of specimen XJ-1. The main reason is the final failure modes of all prestressed precast RC

joints assembled by steel sleeves are shear failure rather than bending failure.

Table 5 Test results

Specimen Direction Py (kN) 4dy(mm) Pmax(kKN) Py (kKN) 4y (mm) u i
Positive 134.7 31.8 164.5 131.1 90.0 2.83
Z)-1 . 2.82
Negative 139.1 32.2 167.5 132.2 90.1 2.80
Z2J3-2 Positive 148.9 36.6 171.3 140.2 98.1 2.68 2.67

14
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Specimen Direction Py (kN) Ady(mm) Pmax(kKN)  Pu(kKN) A, (mm) U i
Negative 154.8 37.2 178.4 141.2 98.9 2.66
Positive 155.9 334 178.6 150.7 96.0 2.87
ZJ-3 . 2.79
Negative 155.6 35.7 181.4 152.8 96.6 2.71
234 Positive 161.3 36.5 185.6 148.8 104.1 2.86 287
Negative ~ 163.0 36.7 190.4 150.1 105.1 2.87 '
Positive 90.6 31.2 107.9 100.9 100.1 3.21
XJ-1 . 3.03
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The horizontal ultimate displacement 4. is defined as the horizontal displacement when
the horizontal load decreased to 85% of the peak value. At the time of specimen failure, the
horizontal load does not drop below 85% of the peak point load in the skeleton curve, and the
corresponding displacement is taken as the horizontal ultimate displacement. The horizontal

yield displacement 4y and the horizontal yield load Py of the specimen are determined based on

450 90 -60 30 0

30 60 90 120

Displacemen (mm)

Fig. 8. Skeleton curves.

the equal energy principle [31] as shown in Fig 9.
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Fig. 9. Definitions of horizontal yield displacement and horizontal ultimate displacement [31].

3.3. Strains in steel reinforcement and plates

The test results show similar trends in the strain at the same measuring points of different
test specimens. In this paper, only the yielding procedure in different parts of specimen ZJ-1 is
evaluated. Fig. 10 shows the strain in the steel sleeves, stiffeners, longitudinal reinforcement
bars and stirrups of the joint core area of specimen ZJ-1 versus the applied lateral displacement.
From the figure, the strain in the steel sleeves and stiffeners did not reach the yield strain at the
end of loading. The compressive strain did not occur in the strain gauge Z7. This is due to the
relatively small width-to-thickness ratio of the beam steel sleeves, the local buckling of the steel
plate occurs locally during negative loading, which is consistent with the test results. In Fig.
10(c), all stirrups in the joint core area yielded, thereby, indicating shear failure in the joint core
area, as previously outlined. The strain of strain gauge XZ4 is larger than that of strain gauge
XZ3. It can be seen, the shear force in the middle of the joint core area is the largest. In Fig.
10(d), for most of the longitudinal reinforcement bars, the strains of specimen ZJ-1 increase

along with the increasing lateral displacement, and do not reach the yield strain of 0.0022.
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Fig. 10. Strain profiles of specimen ZJ-1.
3.4. Failure patterns

In order to study the failure pattern of the precast joint, the steel reinforcement of beams
was selected on the higher side to promote failure at the joint, rather than the beam or column.
The failure patterns and overall cracking patterns of the joints tested are shown in Fig. 11.
Specimens ZJ-1 to ZJ-4 exhibited shear failure in the core area of the joint, while specimen XJ-
1 showed bending failure at the beam end, agreeing well with their initial design. The crack
propagation and failure process of all specimens can be divided into four main stages. a) Elastic
stage: no cracks were observed in concrete at all joints core; b) Yield stage: diagonal cracks
were observed at the core concrete of the joints ZJ-1 to ZJ-4 but stirrups did not yield. The

cracks gradually propagated and penetrated through the beam component of the joint XJ-1, and
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were not completely closed when reverse loading was applied; c) Ultimate strength state: the
steel sleeves and longitudinal reinforcements of the joints ZJ-1 to ZJ-4 were not yielded, while
stirrups yielded. The concrete cracks development in the core area of the joints ZJ-1 to ZJ-4
were significant, accompanied with peeling off the concrete at the surface. The compression
zone of the concrete beam of the joint XJ-1 was slightly crushed, and the longitudinal
reinforcements reached the yield stress, indicating that the ultimate load of the joint was reached;
d) Failure stage: both the width and length of diagonal cracks in the concrete of the core area
of the joints ZJ-1 to ZJ-4 significantly increased with tearing sounds and concrete in the core
area seriously spelled out, leaving the steel bars exposed. The concrete fragments of the
concrete beam of the joint XJ-1 began to fall off from the beam end, and the longitudinal
reinforcements and stirrups of the beam end were also exposed. The horizontal bearing capacity
of the column end decreased, and the specimen failed.

On the other hand, the shear failure process of the specimens ZJ-1 to ZJ-4 may be divided
into four stages: initial crack, through a crack, ultimate state, followed by failure. In the initial
crack stage, when the load reached 50% to 80% of the peak load, the first diagonal crack
occurred on the upper and lower concrete surfaces of the core area of the specimens ZJ-1 to ZJ-
4. The core area of the specimens ZJ-1 to ZJ-4 entered the through-crack stage as the load
proceeded. At this time, the cracks in the diagonal direction developed rapidly, and the initial
diagonal cracks generated in the initial stage became two orthogonal ones extending to the
diagonal corners. The main diagonal cracks ran through the surface of the core area of
specimens ZJ-1 to ZJ-4, and many short cracks parallel to the main diagonal crack occurred.
The concrete surface at the core area was in rhombic grid shapes. As the test loading continued,
the specimens ZJ-1 to ZJ-4 entered the ultimate stage. The expansion rate of the width of the
main crack accelerated, and a peeling phenomenon was observed in the local area of the

concrete. The original cross diagonal cracks of specimens ZJ-1 to ZJ-4 developed significantly,
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and the concrete at the intersection of the main cracks gradually produced spalling. At the failure
stage, the cross cracks in the core area of specimens ZJ-1 to ZJ-4 continued to develop. The
shear deformation of specimens ZJ-1 to ZJ-4 increased rapidly, and the concrete near the main
diagonal cracks made a tearing sound and spalled severely.

There are many cracks in the core area of specimen ZJ-2, and the angle between the
diagonal cracks and the horizontal direction was slightly larger. The degree of spalling damage
was not as serious as that of specimen ZJ-1. The main reason is that a larger axial pressure
increases the angle between the principal compressive stress and the horizontal direction in the
joint core area and decreases the angle between the principal tensile stress and the horizontal
direction, which results in the change of the inclination angle of the diagonal cracks. On the
other hand, the increase of the axial pressure in a certain range could increase the area of the
cross-sectional compression zone of the column, strengthen the action of the diagonal
compression strut of the concrete in the core area, and enhance the occlusion force between the
concrete blocks in the case of concrete cracks, thus improving the shear capacity in the core
area of the joint.

Compared with specimen ZJ-1, specimen ZJ-3 had better core area and beam crack closure
after unloading, and ZJ-3 had a higher initial stiffness, cracking load and ultimate load due to
the prestressing acting as a restraint on the two-way stress state.

Compared with specimen ZJ-1, the cracking load of specimen ZJ-4 was slightly larger,
and the width of the cracks was relatively smaller. As the stirrup ratio of specimen ZJ-4 was
higher than that of specimen ZJ-1, its cracks were less and developed more slowly, indicating
that the shear capacity of the joints could be improved by appropriately increasing the stirrup
ratio of the core area of joints in the design stage.

The failure mode of specimen XJ-1 was the bending failure of the beam end. Since the

beam end was mainly affected by the bending moment, bending cracks were first generated.
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351  When the test loading was increasing step by step, the cracks at the beam end developed and
352 extended from the bottom and top of the beam to the neutral layer respectively, and finally
353 formed a crack penetration state. A small number of cracks appeared in the core area of
354  specimen XJ-1, but the cracks were relatively subtle, which was because when the joint was
355  subjected to a small load, the longitudinal reinforcement in the beam yielded and the shear force

356 transferred to the joint was small, which did not cause the joint to shear damage.
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Fig. 11. Final failure modes and overall crack patterns for the (a) ZJ-1, (b) ZJ-2, (c) ZJ-3, (d) ZJ-4, (e) XJ-1
joints.

3.5. Ductility

The displacement ductility ratio u (=4./4y) is defined as the ratio of the horizontal ultimate
displacement 4, to the horizontal yield displacement 4y. Table 5 lists the displacement ductility
ratio u for the test specimens. The average displacement ductility ratio of joints ZJ-1, ZJ-2, ZJ-
3, ZJ-4 and XJ-1 are 2.82, 2.67, 2.79, 2.87 and 3.03, respectively, indicating that they have
sufficient deformation capacity for seismic applications [24]. Compared with joint XJ-1, the
average displacement ductility ratios of joints ZJ-1, ZJ-2 and ZJ-3 are reduced by 6.9%, 11.9%
and 7.9%, respectively. It may be attributed to the use of prestressed tendons, which increases
the overall stiffness, resulting in a reduction in horizontal ultimate displacement. The ductility
of specimens ZJ-2 and ZJ-3 is slightly lower than that of ZJ-1, indicating that increased effective
prestress established at the end of the beam and axial compression ratio reduce joint ductility
and deformation capacity. In comparison with specimen ZJ-1, the horizontal yield
displacements of specimens ZJ-2, ZJ-3, and ZJ-4 increase by 15.4%, 8.1% and 14.4%,
respectively, and the horizontal ultimate displacements by 9.5%, 7.0% and 16.2%. As can be
seen, the horizontal yield and ultimate displacements of the prestressed precast RC joints
assembled by steel sleeves increase with the increase of the axial compression ratio, effective
prestress established at the end of the beam and stirrup ratio, while the ductility decreases with

the increase of the axial compression ratio and effective prestress.
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3.6. Energy dissipation capacity
The energy dissipation capacity of joints is an important index to assess their seismic
performance. As shown in Fig. 12, the equivalent viscous damping ratio 4. formula is expressed

as follows [32].

h, = Saeco ( 1 )
27(Sopr + Sose)

PA

Fig. 12. Definition of equivalent viscous damping ratio.

Fig. 13 shows the cumulative energy dissipation and equivalent viscous damping ratio /e
of the specimens tested. It can be seen that the cumulative energy dissipations of specimens ZJ-
1,72J-2,7]-3,7J-4 and XJ-1 are 38.9 kN'-m, 55.0 kN'-m, 47.5 kN-m, 45.7 kN-m and 28.8 kN-m,
respectively, achieving 1.3~1.9 higher energy dissipation than that of the cast-in-place RC joint.
In the initial stage of the test, each specimen maintained a linear elastic behavior, and the
equivalent viscous damping ratios were basically the same. However, with the increase of the
plastic deformation, the equivalent viscous damping ratios of specimen ZJ-2 and specimen ZJ-
3 decreased by 8.8% and 2.2%, respectively, compared with specimen ZJ-1, indicating that with
the increase of axial compression ratio and prestress the hysteretic loop pinching effect of the
joint is improved, and the axial compression ratio has a great influence. Under the same
conditions, the equivalent viscous damping ratio of specimen ZJ-4 is 13.1% higher than that of
specimen ZJ-1, and the cumulative energy dissipation is 17.5%, indicating that with the increase
of stirrup ratio in the core area, the energy dissipation capacity of the joint is improved, and the

hysteretic curve of the specimen becomes fuller. This is because the horizontal stirrup in the
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core area of the joint inhibits the occurrence and development of concrete inclined cracks,
subsequently, the development rate of failure of prestressed precast RC joints assembled by
steel sleeves is reduced.
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Fig. 13. Energy dissipation of the specimens.
3.7. Stiffness degradation

Stiffness degradation reflects the influence of damage evolution on the structure, which is
one of the important characteristics of structural dynamic performance. In the low cycle
repeated loading test, the stiffness coefficient K of the specimen is generally expressed by the

secant stiffness of the skeleton curve [33]:

K = FRI+=R )
4+ 4

where +P; and -P; are the i-th positive and negative horizontal peak load, and +4; and -4; are the
displacements corresponding to the i-th positive and negative horizontal peak loads.

Fig. 14 illustrates the relationship between secant stiffness and horizontal displacement of
the test specimens in each cycle. The secant stiffness K; of the prestressed precast RC joints
assembled by steel sleeves is significantly greater than that of the cast-in-place RC joint due to
the prestressed tendons effect. At the initial stage of loading, the secant stiffness K; of specimens

ZJ-3 and ZJ-4 is higher than that of specimens ZJ-1 and ZJ-2. With the continuous increase of
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424  horizontal loading displacement, the secant stiffness K of each specimen gradually decreases
425  and, subsequently, the difference in stiffness of each joint gradually decreases. The comparison
426  shows that the stiffness degradation rate of the specimen gradually increases with the increase
427  of'the prestress level. In addition, the stiffness degradation rate of the specimen gently decreases
428  with the increase or decrease of the stirrup ratio in the core area of the joint. Therefore, the
429  increase of effective prestress established at the end of the beam and stirrup ratio in the core
430  area of the joint can effectively improve the initial stiffness of the prestressed precast RC joint
431  assembled by steel sleeves, while the effect of the axial compression ratio is neglectable.
432  However, the secant stiffness K of each specimen has little difference at the failure stage.
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434 Fig. 14. Stiffness degradation curves of the specimens.

435  3.8. Deformation recovery performance
436 The deformation recovery capacity of structures directly affects their seismic performance,
437  repairability, and repair cost. The deformation recovery capacity is usually expressed by the

438  residual deformation rate i

439 M =—" 3)

440  where 4; and 4y are the horizontal residual deformation displacement and horizontal ultimate
441  displacement of the specimen, respectively. The calculated results are shown in Table 6. As can

442  be seen, the average residual deformation rate of prestressed precast RC joints ranges from 20.2%
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to 32.4%, whereas the average residual deformation rate of cast-in-place joint XJ-1 is 55.4%.
Meanwhile, comparing the test results of specimens ZJ-1 to ZJ-4, the residual deformation rate
of specimen ZJ-4 is lower than that of specimen ZJ-1, and the horizontal residual displacements
are similar, mainly because the increase of stirrup ratio increases the horizontal peak load and
horizontal ultimate displacement of specimen ZJ-4, thus the stirrup ratio has less effect on the
horizontal residual displacement. In addition, with the increase of prestress level, the residual
deformation rate of the joint gradually decreases, and the self-centring ability gradually
increases. When the axial pressure is relatively smaller, the self-centring ability of the
prestressed precast RC joint assembled by steel sleeves is better.

Table 6 Residual deformation rate of specimens

. 4 (mm) 4y (mm) 1 (%) e (%)
Specimen
+ — + — + — average
ZJ-1 23.2 25.0 90.0 90.1 25.8 271.7 26.8
Z2J-2 29.8 34.6 98.1 98.9 30.4 344 324
ZJ3-3 19.9 19.0 96.0 96.6 20.7 19.7 20.2
Z)-4 23.6 224 104.1 105.1 221 21.3 21.7
XJ-1 54.9 58.9 100.1 99.9 54.8 56.0 55.4

4. Shear capacity prediction of proposed joints

As can be observed in the physical testing, the longitudinal reinforcement and steel sleeve
did not yield, and the failure mode of the prestressed precast RC joint assembled by steel sleeves
was mainly manifested by concrete crushing in the core area of the joints and yielding of stirrups.
Therefore, the force mechanism of the prestressed precast RC joint assembled by steel sleeves
may be represented by the diagonal compression strut model, considering only the contribution
of the concrete's compression strut to the bearing capacity. The load transfer of the prestressed
precast RC joint assembled by steel sleeves is shown in Fig. 15. The shear capacity in the core

area of the prestressed precast RC joint assembled by steel sleeves is obtained from the

25



463

464
465

466

467

468

469

470

471

472

473

474

475

476

477

478

equilibrium equation below:

Cp—> <J\_ Vi T

N\ — — — = > b
/:E $\ Vi
M, Mo
% Y—> 3
-—,
Vp
Tb& I - g /Cb
Vj _>J\ -

Fig. 15. Mechanical behavior of prestressed precast RC joint assembled by steel sleeves.

vj:sz£1— h, j 4)

hb Hc_hb

where V] is the joint shear capacity, &y is the height of the beam section, H. is the height of the
column, and M, is the bending moment of the beam, V%4 is the vertical shear force of the column
at the steel sleeve, Cb, is horizontal shear forces of the column at the stiffeners, 7% is the
horizontal tension transmitted from the bolt to the column.

According to the diagonal compression strut model [34], the joint shear capacity Vj is

expressed in the following equation (5).

V;= f Acost

(5)
A =ab (6)
A=a e ©
N
a, =a1(1+€1—f o )h, (8)

where f. is the axial compressive strength of concrete; A. is the effective cross-sectional area of

the diagonal compression strut; € is the angle between the diagonal compression strut and the
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horizontal axis; as is the height of the diagonal compression strut [35], ap and a. are the heights

of the compressive zones of the beam and column sections, respectively [36]; N is the axial load

at the column end; 4; is the effective height of the joint core area; b. and /. are the cross-sectional

dimensions of the column; (i is the softening factor of the compressive strength of concrete; a1
is the influence factor obtained from Eq. (8).

The shear capacity of RC beam-column joints in GB50010-2010 [27] is given by Eq. (9):

N A&uj

VjGB = Oll’]J (1+ bh—f) fcbjhj + fvy S

(ho - as) (9)

8
where 7 is the cross beam restraint influence coefficient, b; is the effective width of the joint
core area; fyy is stirrup tensile strength; Asy; is the area of stirrups in the core area of the joint; s
is the distance of horizontal stirrup in the joint core region; Ay is the effective height of beam
section; aS is the distance from the joint point of the beam compressive reinforcement to the
concrete compressive edge.

The shear capacity of the core area of the joint in American code ACI 318-19 [37] is
obtained from Eq. (10):

Viae =0.083/ T b h, (10)
where y is the influence coefficient of beam-column joint type. When the joint core area is
connected to the beam on three or two sides, y is 15 [38]. The shear capacity of the core area of
the joint was not only related to the strength of concrete and stirrups, but also related to the
effective prestress established at the end of the beam. Combined with relevant experimental
research [39], the calculation formula of the effect of effective prestress established at the end
of the beam on the shear capacity was obtained, as shown in formula (11):

V, 005N, (11)
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where ¥}, is the shear capacity provided by the effective prestress established at the end of the
beam; N, is the effective prestress of the prestressed tendons. On the basis of the shear capacity
of the core area of the joint calculated by the diagonal compression strut model [34], GB50010-
2010 [27], and ACI 318-19 [37], the modified shear capacity calculation formulas of the

prestressed precast RC joint assembled by steel sleeves are given by Eqgs. (12) to (14).

Vo = T, A, C0s6+0.05N (12)

_O Aguj '
1;7(1+b o) fon By (R ) + 005N, (13)
Viu =0.083y/f, b, h+0.05N, (14)

Table 7 shows the comparison of the predicted and experimental shear capacity values, AV
and CoV represent the average value and coefficient of variation, respectively. The average
ratio of predicted values to test values in Egs. (12), (13) and (14) are 0.91, 0.86 and 0.94,
respectively, while the coefficients of variation are 0.082, 0.032 and 0.027, respectively. The
ACI prediction (Eq. (14)) shows a good agreement with the test results, with minimum

discreteness and less than the test value, which tended to be safe and reliable.

Table 7 Shear strength capacity of specimens

specimen Vj/kN Vipsm/kN VipsmlVj V’ice/lkN VicelVj V’iaci ViacilVj
Z)-1 643.5 581.8 0.90 561.9 0.87 633.6 0.98
23-2 685.3 711.1 1.03 607.0 0.89 634.6 0.93
ZJ-3 697.0 596.3 0.86 576.3 0.83 648.1 0.93
Z3-4 731.7 623.8 0.85 603.8 0.83 675.6 0.92
AV — — 0.91 — 0.86 — 0.94
CoVv — — 0.082 — 0.032 — 0.027

5. Conclusions

The cyclic loading tests of four prestressed precast RC beam-column joints assembled by
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steel sleeves and one cast-in-place counterpart were carried out to study their seismic
performance. The main conclusions are summarized as follows.

(1) Compared with the traditional cast-in-place RC joints, the residual deformation of the
proposed prestressed precast RC joints assembled by steel sleeves is small, exhibiting good
self-centring ability and high bearing capacity, confirming reliability and efficiency of the
proposed joint.

(2) The axial compression ratio and effective prestress have a great influence on the energy
dissipation capacity of the prestressed precast RC joint assembled by steel sleeves. With the
increase of the axial compression ratio and effective prestress of prestress tendon, the energy
dissipation capacity gradually increases.

(3) With the increase of the effective prestress of prestressed precast RC joint assembled
by steel sleeves and stirrup ratio in the core area of the joint, the initial stiffness of the joint is
effectively improved, but the effect of the axial compression ratio is limited. For prestressed
precast RC joints assembled by steel sleeves, the horizontal yield and ultimate displacements
increase with the increase of axial compression ratio, stirrup ratio and effective prestress of
prestress tendon.

(4) Based on the shear mechanism of the prestressed precast RC joint assembled by steel
sleeves core area, combined with the calculation formulae of GB 50010 and ACI 318, formulae
for the shear capacity of prestressed precast RC joint assembled by steel sleeves were developed,

showing good agreement with the experimental results.
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Notations

N: Axial load at the column end

Ny: Yield strength of the entire column section

Ay: Horizontal yield displacement

Py: Horizontal yield load

Pn: Positive peak bearing capacity

K;: Stiftness coefficient

+P;: i-th positive horizontal peak load

-Pi: i-th negative horizontal peak load

+4;: Displacements corresponding to the i-th positive horizontal peak loads
-4;: Displacements corresponding to the i-th negative horizontal peak loads
w: Displacement ductility ratio

wr: Residual deformation rate

Ay: Horizontal residual deformation displacement

Ay: Horizontal ultimate displacement

he: Equivalent viscous damping ratio

fc: Concrete strength

30



563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

Ve: Shear capacity
fpik: Ultimate strength of the prestressed tendon

Vi: Joint shear strength capacity

hy: Height of the beam section

H.: Height of the column

My: Bending moments of the beam

Vv: Vertical shear force of the column at the steel sleeve

Cv: Horizontal shear forces of the column at the stiffeners

Tv: Horizontal tension transmitted from the bolt to the column
Ac: Effective cross-sectional area of the diagonal compression strut
0: Angle between the diagonal compression strut and the horizontal axis
as: Height of the diagonal compression strut

av: Height of the compressive zones of the beam section

ac: Height of the compressive zones of the column section

h;: Eftective height of the joint core area

be: Width of the column section

he: Height of the column section

(1: Softening factor of the compressive strength of concrete
o1: Influence factor

73: Cross beam restraint influence coefficient

bj: Effective width of the joint core area

fyv: Stirrup tensile strength
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Asvyj: Area of stirrups

ho: Effective height of beam section

s: Distance of horizontal stirrup in the joint core region

a, : Distance from the joint point of the beam compressive reinforcement to the concrete
compressive edge

y: Influence coefficient of beam-column joint type

Vp: Shear capacity provided by effective prestress established at the end of the beam

Np: Effective prestress of the prestressed tendons
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