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Abstract: The construction speed and quality of precast frame structures are greatly influenced by
weld, tie, prestress, cast concrete requirements, etc. on site. To address these challenges, a precast
beam-column joint connected by double grouted sleeves is proposed. This paper presents an
investigation on seismic behaviour of the joint subjected to static and cyclic loadings. In total, six
precast specimens with different assembly lengths, transition bar diameters and types of grouted
sleeve and one cast-in-place control specimen were tested. Results show that the double grouted
sleeve splices in joints perform well. The initial stiffness of prefabricated specimens is larger than
that of the control specimen and the load bearing capacity of the prefabricated specimens is similar
to that of the control specimen. As the transition rebar diameter increases from 16 mm to 18 mm,
the energy dissipation ability of the prefabricated specimens is increased by 64.8% but is
approximately 41% lower than that of the control specimen due to their relatively lower
deformation capacity. Threads in the grouted sleeve have a negative impact on the deformation and
energy dissipation abilities of the joints. The method for cast-in-situ joint is adequate for predicting
the flexural capacity of precast joint connected by double grouted sleeves.
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1. Introduction
Construction with the precast concrete method has gathered much attention as a substitution for
conventional cast-in-situ concrete structures because of its good quality, cost effectiveness,
accelerated construction speed and lower energy consumption [1-4]. Precast concrete frame
structures are considered as one kind of promising precast concrete structure systems particularly
suitable for the precast industry owing to their advantages including the convenience of
prefabrication, standardization and erection [5]. However, the complexity and efficiency of
connecting longitudinal reinforcement between precast beams and columns may impede widespread
use of precast concrete frame structures. In recent decades, an increasing number of efforts have
been made to solve the connection problems in precast concrete frame structures.

With respect to welded connections, Ersoy et al. [6] investigated the mechanical behaviour of
precast beams with dry joints connected by welded steel plate under cyclic loading. They found that
side steel plates are important for these joints to resist seismic action and the bearing capacity of
elements without side plates was reduced obviously. Korkmaz et al. [7] developed a precast
connection that is expected to be utilized in earthquake zones and suggested that one should be very
careful with the welding quality of the steel to avoid premature failure near welding zones. Besides,
Xiao et al. [8] explored a beam-column joint connected through welding the reinforcing bars at both
ends of the precast beam and the protruding beam of the prefabricated column. They observed that
the crack propagation and failure model of the prefabricated specimens were similar to those of the
reference specimens. However, for the connections through welding, it is not easy to weld and
guarantee the welding quality due to tight tolerances [6]. Additionally, special care is essential for
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welding the longitudinal reinforcement and the welding process should be performed by experts,
which may lead to an increase in labour costs.

Regarding bolted connections, Li et al. [9] conducted an experimental and analytical study of
hybrid steel precast concrete connections and concluded that the steel sections in the connection
significantly improved the strength of the connection core. However, joints with inadequate angle
thickness and size were subjected to untimely failure at the joint zones with deformation of the
angle sections. Choi et al. [10] tested four precast hybrid precast connections through steel couplers
composed of bolting steel plates and steel tubes that were placed in the prefabricated beam and
column. The typical flexural failure mode was found for all samples. The hybrid precast
beam-column joints were developed by Ghayeb et al. [11], who observed that concrete did not
crush in the precast specimens, whereas pinching occurred at a drift of 4.5%. Besides, using angle
steel and high strength steel studs significantly enhanced yielding capacity of the joints. Bahrami et
al. [12] numerically studied the behaviour of two beam to column joints connected by embedded
steel corbel with bolting and welding under lateral loading. The simulation results indicated that the
stiffness and ductility of the precast connections were lower than those of cast-in-situ connection. In
addition, Li et al. [13] and Nzabonimpa et al. [14] explored the seismic performance of joints with
end-plates and concluded that the proposed joints with steel plates exhibited sufficient structural
ability. Note that the bolted and hybrid connections may lead to steel congestion problems and need
very compact tolerances in producing precast concrete members, which could be still a great
impediment to many precast manufactures [15].

Regarding steel bar lapping splice connections, Parastesh et al. [16] proposed a ductile beam to
column connection to enhance the seismic behaviour of precast frames. The continuity of
longitudinal reinforcement of beams was achieved by lapped splice of steel bars at the end of the
precast beam. Guan et al. [17] experimentally investigated a kind of beam to column joint
consisting of concrete beams with a U-shaped section in the joint region. It was found that the main
damage of the precast specimens occurred in the plastic hinge area and there was no need to make a
short debonded length of the reinforcing bars in precast beams. Similarly, Lu et al. [18] reported the
test results of a type of prefabricated beam to column joint with U-shaped rebar and engineered
cementitious composites. However, it should be noted that the steel bar lapping splice in the precast
joints often results in rebar congestion problems [19,20] and complicated construction of the
connection core area with steel bar tying and concrete casting [4], which significantly increase the
installation time and construction costs.

Regarding prestressed connections, Priestley and Tao [21] discussed the concept of connecting
prefabricated concrete members by using beam prestressing tendons debonded through the
connection. In the precast seismic structural systems (PRESSS) program, the pre-tension and
post-tension connections were proposed and tested under pseudo-dynamic loadings [22,23]. It was
reported that all the joint types were basically suitable for seismic design. Ozden and Ertas [24]
investigated the effect of mild-steel ratio on structural performance of post-tensioned prefabricated
joints and suggested a range of 20-30% mild steel reinforcement. Alver et al. [25] explored the
influence of short cantilever beam in prefabricated post tensioned joints on mechanical performance
of the structure and found that the connections with a short cantilever beam can provide high
displacement values and withstand severe deformation. Kaya and Arslan [26] tested the prestressed
beam-column connections with corbels and estimated the influences of prestressed strand diameters
on the behaviour of the connections. The connections with corbels would affect the appearance of



the structures. Recently, Wang et al. [27] proposed a new precast prestressed frame joint and
concluded that the post-tensioned strands can effectively offer a self-centring ability to the
connections. However, the use of energy dissipation devices is needed to enhance the ability of
prefabricated beam to column joints using post-tensioning to dissipate energy due to their low
inherent damping [28]. Although different types of energy dissipation damping devices including
steel yielding devices [22,29], friction damping devices [30-32] and lead extrusion damping devices
[33,34] have been experimentally validated through beam-column connection tests. For these joints
using prestressing technology, the cost is considerably higher than a comparable cast-in-situ
concrete structure [35] and the construction procedure of the precast prestressed connections is very
complex [4].

As to dowel pin connections, the basic mechanical performance of them has been recently
studied [36-39]. However, this type of connection is generally used in single-storey industrial
buildings in Europe due to its distinctive structural behaviour.

To address the above-mentioned limitations of existing precast beam to column connections, a
new prefabricated beam-column connection using double grouted sleeves is proposed in this study,
as shown in Fig. 1. The major benefits of the proposed joint in comparison to the existing precast
joints include rapid installation and saving cost, which are mainly resulted from eliminating welding,
tying, prestressing and casting concrete requirements on site. Moreover, the grouted sleeves have
adequate capacity to connect two disconnected steel bars [40-46].

This paper, for the first time, investigated the seismic performance of precast beam-column
joints connected by double grouted sleeves through a series of tests. The effects of grouted sleeve
type, assembly length of the connection, and diameter of transition bar on seismic performance of
the joints were analysed and discussed. In addition, a comparison between the theoretical previsions
of the flexural performance of the tested joints calculated according to the method for cast-in-situ
beam-column joint and experimental data for precast joints was carried out to estimate whether the
method for cast-in-situ beam-column joint is adequate for predicting the flexural ability of the
precast beam to column connections connected by double grouted sleeves.

2. Experimental program

The proposed precast beam-to-column connection is composed of two grouted sleeves on a
longitudinal bar, the behaviour of which could be different from the column foundation connections
with single grouted sleeve on a steel bar presented in [1,47-50]. Besides, the testing method for the
column foundation joint is different from that for beam-column joint due to different connection
types and investigation objectives. Thus, a new experimental program should be conducted for the
proposed precast joint to evaluate its seismic performance.

2.1 Test specimens

In total, seven beam-column connections were designed and tested: six prefabricated concrete beam
to column joints and one cast-in-situ concrete beam-column joint. For each joint, the column had a
cross-section of 350 mm X 350 mm and a total height of 2000 mm and the beam had a
cross-section of 200 mm X 350 mm and a total length of 1500 mm. The longitudinal steel
reinforcement of all columns was composed of 4 ® 16 mm both along the sides of the column
section and in the middle of the sides. The longitudinal steel reinforcement of all beams consisted of
2® 16 mm both in the upper and lower parts. The transverse steel bar was provided with
rectangular stirrup @ 8 mm @ 100 mm, while the space of stirrup was less than 100 mm in the
local region of beam for precast specimens. Fig. 2 shows the reinforcement details and dimensions



of the tested specimens.

Since all types of grouted sleeve are not available in the market for the long grouted sleeves and
the commercial sleeves are expensive due to the use of high-strength materials and the complex
manufacturing processes, two low-cost grouted sleeves, i.e. grouted sleeve with wedge (GSW) and
grouted sleeve with wedge and thread (GSWT) previously developed by the authors [51] were used
in this study (see Fig. 3). Fig. 4 and Table | show the dimensions of GSW and GSWT that were
made of the low alloy seamless steel tubes with specified yield strength of 390 MPa. The thickest
and thinnest parts of the wedge are 4 mm and 1 mm, respectively. The difference between the two
types of grouted sleeve is that GSWT has small threads in the sleeve (see Figs. 3b and 4b). For
labels GW-1 and GT-1, “GW” and “GT” represent GSW and GSWT respectively, and “1” denotes
the sleeve number.

An experiment was firstly conducted to study the mechanical behaviour of the grouted sleeve
splices (GSW and GSWT) under monotonic tensile loading (the spliced bar diameter is 16 mm).
The test results show that all the grouted sleeve splice samples suffered bar fracture outside the
sleeves (see Fig. 5), which indicates that GSW and GSWT can effectively splice two discontinue
steel bars.

The main test variables in this work were the type of grouted sleeve, assembly length of the
connection and diameter of the transition bars. Two types of grouted sleeve including GSW and
GSWT, two types of assembly length including 0 mm and 425 mm, and two transition bar diameters
of 16 mm and 18 mm were investigated. The assembly length of the connection (i.e. the length of
the protruding beam of the precast column) is the distance between the surface of column and the
junction surface between precast beam and column. The specimen design details are summarized in
Table 2.

2.2 Materials

Table 3 illustrates the mechanical properties of steel reinforcement (type HRB 400) utilized in this
work including tensile strength, yield strength and elastic modulus. Concrete cubes of 150 mm X
150 mm X 150 mm were prepared and tested after a standard curing for 28 days to acquire the
compressive strength of concrete. The compressive and flexural strengths of the grout and filler
were tested on prism specimens with size of 40 mm X 40 mm X 160 mm in accordance with
JG/T408 [52]. The flexural tests were firstly conducted on prism specimens followed by the
compression tests on the broken prisms according to GB/T17671 [53]. The mechanical properties of
concrete, grout and filler are listed in Table 4.

2.3 Specimen preparation

The precast members (columns and beams) and the cast-in-situ specimen were cast simultaneously
in wooden formwork. The reinforcing cage and grouted sleeves were put together and placed inside
the wooden formwork beforehand. Fig. 6 presents the production process of the precast specimen
that consists of six main steps: (1) hoist prefabricated column using a crane; (2) lift prefabricated
beam through a crane after putting transition bar into long grouted sleeve of precast beam; (3) adjust
the prefabricated column and beam to design position (the connection distance between column and
beam is 30 mm); (4) move the transition bar from long grouted sleeve in precast beam to short
grouted sleeve in precast column or in the protruding beam of precast column and keep the same
length of transition bar in the long and short grouted sleeves; (5) prepare formwork for filler; (6)
obtain the precast specimens after grouting the sleeves, pouring the filler, demoulding,
whitewashing one face of the specimen and drawing the grid of 50 mm X 50 mm in order to



observe cracks easily. The assembly steps of the proposed connection in multi-storey assembled
buildings are basically the same as these steps except that no whitewashing and gridding are
required.

It should be mentioned that the estimated costs and the workload of the joint connected by
double grouted splice sleeves may be increased. However, the joint can significantly improve the
assembly speed and increase the speed of capital returns, which are in turn beneficial to the investor.
Besides, in comparison with casting concrete and tie on site, the grouting workload is small and can
be significantly reduced through the usage of pressure grouting machine.

2.4 Test setup and loading

In this experiment, vertical loads imposed at the beam free end were applied, as shown in Fig. 7. An
actuator with +250 mm displacement range and 600 kN load capacity was mounted vertically at
beam free end to exert static and low-reversed cyclic loading. A jack with maximum ability of 3000
kN was placed on the top of column to acquire a constant axial compression force. The axial load
on the top of column was maintained at 700 kN throughout the test.

A two-part test procedure was conducted in the study: (1) the specimen of BCJ-S was firstly
tested under static loading to acquire basic information (e.g. yield load and maximum load) of the
proposed precast beam-column joints; (2) the remaining specimens including BCJ-1, BCJ-2, BCJ-3,
BCJ-4, BCJ-5 and BCJ-C were then tested under low-reversed cyclic load to obtain the seismic
behaviour of the proposed precast connections. The mixed loading protocols of load and
displacement (see Fig. 8) were chosen in this experiment according to the seismic test guideline
JGJ/T101-2015 [54]. Before the specimen yields, a load-control loading scheme was applied, and
the loading circle was used only once for every loading step. After the specimen was yielded, the
displacement-control was conducted and repeated three times at first three loading steps and all
repeated two times after the third loading step.

Linear variable differential transformers (i.e. LVDTs) and strain gauges were utilized to obtain
the strain of the reinforcement and the grouted sleeves in the specimens. The arrangement of the
LVDTs and the strain gauges is presented in Figs. 9 and 10. During the test, load, strain and
displacement were acquired and recorded automatically by a computer.

3. Results and discussion

3.1 Monotonic loading test

3.1.1 Failure modes

The failure of the precast beam-column connection (BCJ-S) under static loading is shown in Fig. 11.
The grouted sleeves, the reinforcement and the concrete worked together to carry the load, at the
early phase of loading. The first crack occurred at the fourth whitewashing grid of beam which was
located outside the beam to column joint on the tensile side of the beam at a load of 13 kN. With the
increase of load value, the existing cracks grew, and new cracks were observed in the scope of
length equivalent to approximately the double beam height. These cracks propagated from vertical
cracks to oblique cracks. When the applied load exceeded 40 kN, the stiffness declined significantly,
which can be seen from the load-deflection curve presented in Fig. 12. Afterwards, the test was
continued under displacement control with an increment of displacement of 5 mm per loading step.
The cracks initiated and grew continuously due to the addition of vertical displacement imposed on
the beam end. The maximum crack width located at the interface of beam and column at a
displacement of 26 mm corresponding to the load of around 43.2 kN was approximately 2 mm. The
longitudinal splitting crack near the interface of beam-column was observed at a displacement value



of 35 mm corresponding to a load of around 43.9 kN. Finally, concrete at the beam end near the
column on the compression face crushed and the utmost crack width was around 6 mm, which
indicated the final failure of the specimen (Fig. 11c¢). It should be mentioned that there was no crack
observed at the core zone of beam to column joint and no damage caused by bond failure between
longitudinal bars and grout in the grouted sleeve connectors was found (Fig. 11d).
3.1.2 Load-displacement response
Fig. 12 depicts the load-displacement curve for the specimen of BCJ-S illustrated in Fig. 2b. The
specimen BCJ-S yielded when the load was 37.19 kN and the corresponding vertical displacement
was 9.33 mm. As seen in Fig. 12, before the yield point, the specimen BCJ-S showed a bilinear
characteristic commencing from a linear elastic zone followed by another linear elastic zone with a
lower stiffness. This may be attributed to the micro cracks of grout developed in the grouted sleeves
or other reasons that could not be observed by eyes. The initial stiffness (i.e. the slope of the first
segment of the load-displacement curve before yielding) of BCJ-S was 4.96 kN/mm, while the
following stiffness of the specimen dropped a little bit until the yielding of the specimen, which
equals to around 4.09 kN/mm. After yielding, the stiffness of the sample decreased obviously, and
the load of the sample increased gradually with the growth of flexural cracks up to the maximum
load of 44.6 kN corresponding to the displacement of 47.89 mm. However, after reaching the level
of the maximum load, the load carrying ability of the sample decreased slowly with increasing
displacement. This indicates that the specimen BCJ-S exhibited a ductile failure mode and had a
good deformation capacity under static loading.
3.1.3 Load-strain response
It can be observed that the strain was very small indicating that the deformation and stress in the
beam-column core region were small and the core region was very strong. This result can be
ascribed to the larger section area of the column than the beam and is consistent with the failure
mode shown in Fig 11d.

The measured strain of reinforcement in the beam of the specimen BCJ-S was presented in Fig.
14. The load-strain response of the steel bar in the short-grouted sleeve (SGS) end showed the same
tendency that the strain increased as the load increased gradually. The maximum strain of the
longitudinal rebar in the SGS end on the face of tension was observed to be 5521 pe at failure,
which is much bigger than the yield strain (2162 pe) of the steel bar and the strain values in the
SGS end on the compression region face (Fig. 14a). The overall load-strain behaviour of the
longitudinal rebar in the long-grouted sleeve (LGS) end was similar to that of rebar in the SGS end.
The strain values in the LGS end on both faces of tension and compression were lower than that in
the SGS end due to the lower bending moment in the LGS end. The maximum longitudinal strain of
the rebar in the LGS end was equal to 951 pe, which is smaller than the yield strain of
reinforcement (Fig. 14a). As illustrated in Fig. 14b, the strain of the stirrups perpendicular to the
main reinforcement of the beam was rather small in the load-control stage. However, in the
displacement-controlled phase, the strain of stirrups in the SGS end increased sharply throughout
the displacement loading phase and the maximum value was 1350 pe. This result can be attributed
to the inclined crack in the SGS end that propagated and became quickly wider in the
displacement-controlled stage, leading to a sharp increase in the force in the stirrup (Fig. 11a).

Figs. 15 and 16 show the load-strain development of the grouted sleeves in specimen BCJ-S. It
can be seen from Fig. 15a that the load-strain response of the SGS on the tensile face of the beam
showed a same tendency that the strain increased as the load increases, and the longitudinal strain



was tension strain, while the circumferential strain was compression strain until the yield load,
which can be attributed to the Poisson’s effect. However, the longitudinal strain of strain gauge S1
was inclined to be compression strain and the circumferential strain of strain gauge S2 changed into
tension strain after the specimen BCJ-S yielded. This can be ascribed to the splitting cracks that
were developed around the rebar under the circumstance of high tension load leading to expansion
of the sleeve. Subsequently, after the steel rebar yielded (referring to strain gauge Bl), the
longitudinal strain of strain gauge S1 became compression strain and the circumferential strain of
measure point S2 became tensile strain at the end of the test, which reflected the active confinement
effect of the sleeve. It can be found from Fig. 15b that the load-strain response of the SGS on the
compression face of the beam exhibited a tendency that the strain increased with increasing load
and the longitudinal strain was compressive, while the circumferential strain was tensile until the
maximum load, which seems to be in contrast to the load-strain response of the grouted sleeve on
the tension face. The LGS on the faces of tension and compression of the beam exhibited a similar
strain development as compared to the SGS (Fig. 16). The strain gauge L4 was broken. In
comparison with the SGS on the tension face of the beam, the LGS was under a lower tensile force
and thus the longitudinal strain and transverse strain did not tend to change from tension to
compression. Due to the large diameter and thick wall of the grouted sleeves, all the grouted sleeves
in specimen BCJ-S did not yield (the yield strain of the grouted sleeve was 1893 pe).
3.2 Cyclic loading test
3.2.1 Failure modes
Fig. 17a shows the damage observed for the control specimen BCJ-C. Four flexural cracks started at
the lower part of the beam at a pulling load of -8 kN, while one vertical crack was induced at the
upper corner of the joint at a load of 12 kN. When the load increased, new cracks appeared, and the
existing cracks propagated in the beam. Nonlinear characteristic was observed on the
load-displacement curve (Fig. 18a) as the pushing load was 28 kN corresponding to a displacement
of 7.93 mm, which implies that the specimen entered the inelastic stage [55]. Subsequently,
displacement-control was initiated and the displacement increment (A) was 7.93 mm. It is worth
mentioning that four main cracks at the first, third, seventh and tenth grid of the beam crossed the
whole beam section at this time. The maximum load of 46.18 kN was reached when the loading
displacement was 2A. Inclined shear cracks were induced in the scope of 150 mm at the beam end
near the column at a loading displacement of 3A. At last (11A), this specimen failed with concrete
crushing at the beam-end over a length of about 150 mm due to compression damage of the
concrete, which resulted in a sudden drop of load. Additionally, no crack was found in the column.

For the specimen BCJ-1, fine hairline cracks were first observed at the interface of the precast
beam and the filler in the bottom of the beam as the load reached -4 kN. The first crack propagated
and crossed the whole beam section at load value of 16 kN. The second flexural crack in the bottom
of the beam at approximately 400 mm from the beam end appeared at a load value of -20 kN. When
the loading displacement was 2A (A = 4.50 mm), four new vertical cracks were found in the top
of the beam and the spacing was approximately 150 mm. Two oblique cracks formed in the filler
during the second loading cycle at a loading displacement of 3A. The filler in the bottom of the
beam started spalling and the specimen reached its maximum bearing capacity of 51.31 kN
corresponding to the displacement of 7A. Finally, the cracks in the beam end became wider and the
spalling of the filler was severe (Fig. 17b).

The overall performance of the specimens BCJ-2 and BCJ-3 was similar with that of the sample



BCJ-1, as illustrated in Fig. 17c and d. The initial cracks were noticed on the specimens BCJ-2 and
BCJ-3 at load value of 12 kN and 16 kN respectively, which were higher than that for the specimen
BCJ-1. Regarding the specimens BCJ-2 and BCJ-3, the maximum load was found to be -50.50 kN
and 57.63 kN corresponding to the displacement of 7A (A = 5.75 mm) and 8A (A = 5.81 mm)
respectively when the filler was crushed. For the specimen BCJ-3, more cracks existed in the beam
compared to the specimens BCJ-1 and BCJ-2, which can be attributed to the large diameter of the
transition bar used in the specimen BCJ-3.

Fig. 17¢ shows the final failure mode of the specimen BCJ-4. Two minor hairline cracks
developed at the beam to column interface and at the interface of the precast beam and the filler,
respectively, at a load of -8 kN. A major hairline crack crossed the interface between the precast
beam and the filler at a load value of 16 kN. The cracks spread and new cracks developed slowly in
the load-controlled stage, while cracks developed quickly in the displacement-controlled stage. The
existing cracks propagated from vertical flexural cracks to inclined shear cracks as the load
increased. The maximum load of -47.33 kN was reached at a displacement of 6A (A = 8.27 mm).
In the first loop of 8A displacement loadings, the rebar in the bottom of the beam end could be
observed, and the concrete fractured severely in the beam end in the range of approximately 150
mm. The test was then stopped.

The behaviour of the specimen BCJ-5 was very similar with that of the specimen BCJ-4, as
shown in Fig. 17f. At a load of 12 kN, two vertical cracks were observed in the top of beam end,
and the spacing between the two cracks was approximately 200 mm. The third crack was also found
at load value of 12 kN at the precast beam-filler interface. A main micro-crack crossed the whole
section of the beam end when the load reached 20 kN. Another micro-crack crossed the interface
between the precast beam and the filler at load value of -24 kN followed by a new crack developed
at about 200 mm away from the beam end when the loading displacement reached -A (A =
6.23 mm). When the loading displacement increased, the cracks grew further and the maximum
load of -46.57 kN was reached at a displacement of 6A. At the second cycle of 9A, the concrete in
the beam end spalled severely and the load dropped significantly. The testing of BCJ-5 was then
terminated.

In general, the failure modes of the precast specimens BCJ-1, BCJ-2, BCJ-3, BCJ-4 and BCJ-5
were different from those of the cast-in-place specimen BCJ-C. The damage was not severe, and the
plastic hinge length was shorter for the specimens BCJ-1, BCJ-2 and BCJ-3 compared to the
specimen BCJ-C, which can be attributed to the four long grouted sleeves embedded in the precast
beam [48] (Figs. 17b-d and 2). These grouted sleeves led to an enhancement in the local strength of
the beam end, which helped to resist the damage of the beam. Similar findings can be found in
[47,50]. Consequently, the damage of the specimen concentrated on the fracture and spalling of the
filler rather than the concrete. Unlike other specimens, the specimens BCJ-4 and BCJ-5 had a
longer plastic hinge length in comparison with specimens BCJ-1, BCJ-2, and BCJ-3, and exhibited
different failure modes, indicating that the failure mode is dependent on the connection type. The
cracks were distributed over a length of approximately 1000 mm on the beam for the specimens
BCJ-C, BCJ-1, BCJ-2 and BCJ-3, while the cracks of the specimens BCJ-4 and BCJ-5 were only
distributed over a length of approximately 550 mm. This difference can be interpreted by the fact
that the long grouted sleeves helped to restrain the cracking of the precast beam of the specimens
BCJ-4 and BCJ-5 in the region next to the filler, where the bending moment was lower than in the
short sleeve region. Based on the obtained crack loads of the specimens BCJ-1, BCJ-2, BCJ-4 and



BCJ-5, it can be found that threads in sleeve had less influence on the crack loads of the proposed
precast connections because of the similar work performance of GSW and GSWT in the case of
small load. It should be mentioned that no cracks were observed in the column and no damage was
found in the grouted sleeve connectors for all precast specimens. As a result, the precast specimens
met the goal of having a strong column, a weak beam, and a stronger joint.

3.2.2 Hysteretic response

The load-deflection hysteresis curves can directly indicate the seismic capacity of the connections,
which are usually utilized to investigate the seismic behaviour of the structures [56,57]. Fig. 18
shows the six load-deflection hysteretic curves of the samples BCJ-C, BCJ-1, BCJ-2, BCJ-3, BCJ-4
and BCJ-5. All specimens, including the monolithic specimen and the precast specimens, exhibited
a typical flexural behaviour from a seismic loading point of view with no significant pinching effect
[58]. The hysteretic curves of all specimens roughly circulated along a straight line at the early
stages of loading. Besides, residual deformation was almost absent after unloading and the
hysteretic circle was very small. As the displacement increased, the specimens reached an
elastic-plastic range and the stiffness of the specimens degraded, which indicated that the damage of
the specimens was accumulated. Given that new cracks emerged, and existing cracks propagated in
the second loop of loading even at the same loading level, the strength of the specimen was
accordingly decreased. After the maximum load was reached, the load carrying capacity of the
precast specimens did not decline very much with an increase of loading displacement, which
indicates the good ductility of the precast specimens [59].

3.2.3 Skeleton curves

Fig. 19 illustrates the load-displacement skeleton curves of the samples under cyclic loading, where
Fig. 19a plots the envelope from the first cycle of the push-pull loadings, while Fig. 19b reflects the
average envelope from the same cycle of the push-pull loadings. The overall shape of the skeleton
curves of the prefabricated specimens was similar with that of reference specimen. The initial
stiftness up to a vertical load of 30 kN was almost the same among the precast specimens BCJ-1,
BClJ-2, BCJ-3, BCJ-4 and BCJ-5. After a load of 30 kN, the stiffness of the prefabricated specimens
began to soften due to yielding. However, the stiffness of the control specimen of BCJ-C was
smaller than that of the precast specimens, which indicates that the connection connected by double
grouted sleeves would improve the stiffness of the precast frame structures significantly (see Fig.
19b).

The feature parameters including the yield load (P,) and corresponding displacement (4,),
maximum load, and corresponding displacement, as well as the failure load and corresponding
displacement are summarized in Table 5. Herein, the yield points were directly defined when the
first yield occurs in the specimens based on the skeleton curves of the specimens, as shown in Fig.
19a. For the specimen BCJ-C, the average yield load (133,) was 43.12 kN, which is 3.8%, 0.5%, 0.6%
and 5.4% larger than that of the specimens BCJ-1, BCJ-2, BCJ-4 and BCIJ-5, respectively. This
shows that the average yield load of the precast specimens was close to that of the control specimen.
In addition, the yield load was increased by 18.7% when the transition bar diameter of the specimen
BCJ-3 was enhanced from 16 mm to 18 mm.

The average maximum load (P,,4,) of the specimen BCJ-C was 45.30 kN, which is 0.4% higher
than that of the specimen BCJ-1, 0.1% smaller than that of the specimen BCJ-2, 1.8% higher than
that of the specimen BCJ-4 and 5.9% higher than that of the specimen BCJ-5. This reflects that the
bearing capacity of the specimens BCJ-1 and BCJ-2 was very close to that of the specimen BCJ-C,



while the bearing capacity of the specimens BCJ-4 and BCJ-5 was lower than that of the specimen
BCJ-C. Overall, the bearing ability of the prefabricated specimen spliced by the double grouted
sleeve was similar to that of the reference specimen BCJ-C.

The specimens BCJ-1 and BCJ-2 achieved about 5.4% and 2.0% greater average maximum load
carrying capacity than the specimens BCJ-5 and BCJ-4, respectively, as listed in Table 5. This can
be attributed to the higher compressive strength of the filler in the beam end of the specimens
BClJ-1 and BCJ-2 compared to the concrete strength in the beam end of the specimens BCJ-4 and
BCJ-5. In addition, it can be found that the maximum load of the specimen BCJ-3 is 20.4% larger
than that of the specimen BCJ-1. The reason for this is that the transition bar in the specimens
BClJ-1 and BCJ-3 was located in the cross section with maximum bending moment and the strength
of the long grouted sleeves is greater than that of the transition bar, which indicates that the bearing
capacity of the precast joint with no protruding beam in the precast column is controlled by the
transition bar diameter and the compressive strength of the filler. When the diameter of the
transition bar is increased, the capacity of the joint to resist the maximum bending moment can be
improved significantly. Consequently, increasing the diameter of the transition bar in the precast
specimens with no protruding beam in the precast column is a good solution to improve the load
bearing capacity evidently due to the short length of the transition bar and a low cost. However, the
load bearing capacity of the precast connection with protruding beam (e.g. BCJ-4 and BCJ-5) is
only affected by the longitudinal bar diameter in the short sleeve end and the compressive strength
of concrete. This implies that increasing the diameter of the transition bar has no effect on the load
bearing capacity of the precast joint with protruding beam in the precast column.

3.2.4 Displacement ductility and deformation capacity
The displacement ductility ratio (1), developed in the Chinese code for seismic buildings [54], is
defined as the coefficient of failure displacement (4,,) to yield displacement (4,), expressed by:
Ay
Ha = a, (1)

The ductility coefficients obtained from Eq. (1) for the specimens under cyclic loading are listed
in Table 5, and the average ductility coefficients (f1) were calculated to compare the ductility level
of the specimens. The average ductility coefficient of the specimen BCJ-C is 5.2% and 4.4% higher
than that of the specimens BCJ-1 and BCJ-2, respectively. However, the average ductility ratio of
the specimen BCJ-C is 17.6% and 1.3% lower than that of the specimens BCJ-4 and BCIJ-5,
respectively, which is a result of the lower yield displacement of the precast specimens compared to
the control specimen. This suggests that the precast specimens had excellent ductility. The average
ductility ratio of the specimen BCJ-3 is the same as that of the specimen BCJ-1, which indicates
that increasing the diameter of transition bar would have no influence on the ductility of the precast
specimens.

It can be found in Table 5 that the average ductility ratio of the specimens BCJ-4 and BCJ-5 is
26.6% and 6.6% higher than that of the samples BCJ-2 and BCJ-1, respectively, implying that the
location of the grouted sleeves in the beam has an influence on the ductility of the connection. In
addition, the average ductility ratio of the specimens BCJ-2 and BCJ-4 is 0.8% and 19.7% higher
than that of the samples BCJ-1 and BCJ-5 respectively, which implies that the ductility of the
connection is influenced by the type of the grouted sleeve in the specimen and the joint connected
by GSW has a better ductility than the joint connected by GSWT. It should be mentioned that the
average coefficient of all the specimens under cyclic loading is larger than that of the reinforced
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concrete structures (up = 2) and the steel-concrete composite structures (uy = 4) suggested in
[60,61].

As seen in Table 5, the failure displacement of specimen BCJ-C is 76.0%, 53.4%, 36.6%, 19.8%,
and 41.3% larger than that of the precast specimens BCJ-1, BCJ-2, BCJ-3, BCJ-4, and BCJ-5,
respectively. This indicates that the deformation ability of the precast joints proposed is lower than
that of the cast-in-situ joint under cyclic loading. This is because the grouted sleeves decreased the
local deformation capacity of the beam. The same finding is also presented in [1,49]. With the
increase of the assembly length from 0 mm to 425 mm, the failure displacement of specimens
BCJ-4 and BCJ-5 is 28.0% and 24.5% higher than the specimens BCJ-2 and BCJ-1, respectively.
This can be explained by the fact that the beam end with long grouted sleeves that had a larger
stiffness than the beam end with only steel bars could reduce the deformation capacity of the
specimens. The failure displacement of the samples of BCJ-4 and BCJ-2 is 18.0% and 14.8% higher
than the specimens BCJ-5 and BCJ-1, respectively, which indicates that threads could improve the
friction stress between the sleeve and the grout inside the sleeve could decrease the deformation
ability of the joint. Besides, increasing the transition bar diameter could improve the deformation
capacity significantly since the failure displacement of the specimen BCJ-3 is 28.9% larger than
that of the specimen BCJ-1. However, since the transition rebar of the joint with protruding beam in
the precast column (e.g. BCJ-4 and BCJ-5) is far from the plastic hinge zone, the increase of the
diameter of the transition bar cannot improve the failure displacement.

3.2.5 Dissipated energy

In addition to the displacement ductility, the energy dissipation capacity is another important
parameter, which is utilized to quantify the energy absorption capacity of structures in seismic
design. The energy dissipation can reflect the load-carrying history and the maximum displacement
reached, and the dissipated energy could be a significant efficiency parameter, independently from
the displacement ductility [58]. The dissipated energy per cycle is computed from the area of the
enclosed loop ABCDA in every loading cycle (Fig. 20).

Fig. 21a shows the cumulative dissipated energy versus the vertical displacement of the precast
and the control specimens. It can be found that before the vertical displacement reached around 45
mm, almost all the precast specimens had a higher cumulative dissipated energy than the control
specimen. Whereas after the vertical displacement was larger than approximately 55 mm, the
cumulative dissipated energy of the control specimen increased significantly and was beyond all the
precast specimens at the end stage. This reflects that the energy dissipation capacity of the precast
joints proposed in this study is better than cast-in-situ joints exposed to small earthquakes while the
energy dissipation ability of cast-in-situ joints is better than the precast connections exposed to big
earthquakes.

Fig. 21b illustrates the ultimate cumulative dissipated energy at the end of the experiment. It can
be found that the average ultimate cumulative dissipated energy of the prefabricated specimens was
41% smaller than that of the control specimen, which indicates that the overall behaviour of energy
dissipation capacity of the proposed precast joints is lower than that of the reference joint. This
situation can be mainly attributed to the fact that the grouted sleeves possess larger stiffness than
regular steel bars resulting in a decrease of the deformation capacity of the precast specimen, which
thus leads to the lower energy dissipation ability compared with the reference specimen. The
ultimate cumulative dissipated energy of the specimens BCJ-4 and BCJ-5 is 22.8% and 33.2%
higher than that of the specimens BCJ-2 and BCJ-1, respectively. This is because the plastic hinge
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length of the specimens BCJ-4 and BCJ-5 with an assembly length of 425 mm is longer than that of
the specimens BCJ-2 and BCJ-1, which had an assembly length of 0 mm. Thus, the assembly length
has an impact on the energy dissipation ability of the specimens and the grouted sleeves far away
from the column are beneficial to the energy dissipation of the joint. The ultimate cumulative
dissipated energy of the specimens BCJ-2 and BCJ-4 is 10.4% and 1.8% larger than that of the
specimens BCJ-1 and BCJ-5, respectively, which demonstrates that the configurations of the
grouted sleeves have an obvious effect on the energy dissipation of the joint, and the energy
dissipation ability of the connection spliced by GSW is better than that of the connection spliced by
GSWT. Therefore, threads providing an interlocking mechanism in GSWT have a negative impact
on the energy dissipation of the precast joints compared with GSW. Moreover, the ultimate
cumulative dissipated energy of the specimen BCJ-3 is 64.8% larger than that of the specimen
BClJ-1, which shows that increasing the transition bar diameter could obviously improve the energy
dissipation ability of the connection. This is due to the load carrying capacity of the specimen
BCJ-3 which was significantly improved as the transition bar diameter was increased, resulting in
an increase of the area of the hysteresis loops. Consequently, increasing the diameter of the
transition bar to enhance the energy dissipation of the prefabricated joint is an effective and
economic measure due to the low cost of the transition bar. It should be noted that this conclusion
applies only to the precast joint with no protruding beam but not to the joint with protruding beam
in the precast column. As the transition rebar of the joint with protruding beam is far from the
plastic hinge area, increasing the transition rebar diameter cannot increase the strength and
deformation capacity of the joint. Thus, it can be predicted that the energy dissipation capacity of
the precast connection with protruding beam would not be improved with the increase of the
diameter of the transition rebar. In order to estimate the influences of the distance between the
precast column and the precast beam and the compressive strength of the cast-in-situ filler on the
energy dissipation of the precast joint, further experimental research should be conducted.

To further investigate the energy dissipation ability of the joints, the equivalent viscous damping
ratio is used here. It can show the pinching degree of the hysteresis loop and will be altered for
different loading cycles. As the pinching in the hysteresis loop becomes very obvious and the
energy dissipation ability of the sample begins to decline, the equivalent viscous damping ratio (h,)
defined as follows will decrease [62].

h, = SaBcpa )

21(SoBF+SoDE)
where Spgcpa 1S the area of the enclosed loop ABCDA, Spgr and Sopg are the areas of the
triangles OBF and ODE, respectively (see Fig. 20).

Fig. 22 illustrates the relationships between h, and the loading step for the specimens under
cyclic loading. h, of the specimen BCJ-2 decreased in the last two loading steps, which indicates
that the pinching occurred in the hysteresis loop of the specimen BCJ-2. Whereas h, of the other
specimens, i.e., BCJ-1, BCJ-3, BCJ-4, BCJ-5 and BCJ-C increased with the increase of loading step
and did not reduce in the last several loading steps, which implies that the hysteresis loop of the rest
specimens did not pinch.

3.2.6 Strength degradation

Increasing the loading cycles subjected to the same loading step would lead to a strength
degradation (i.e. decrease of load carrying ability) of the specimen. In order to evaluate the strength
degradation of the connections in this study, the strength degradation ratio (4;) developed in the
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Chinese specification [54] was chosen. It can be calculated as follows:
b= ©
where F/~' and F} are the maximum load values of the (i-1)th and ith loading cycle respectively at
the jth loading step.

Fig 23 illustrates the strength reduction curves of the samples under cyclic loading in the second
loading loop. It can be observed that the values of A; of the specimens BCJ-1, BCJ-3, BCJ-4 and
BCJ-5 ranged from 0.89 to 1, which was similar to that of the specimen BCJ-C ranging from 0.90 to
0.99. The ratio A; of the specimen BCJ-2 ranged from 0.89 to 0.99 except for the last loading step.
Therefore, it is concluded that the strength degradation of the precast specimens, compared with the
reference specimen, was not obvious when the precast specimens were in the second loading cycle.
This indicates that the proposed precast connection has adequate load carrying capacity to resist the
earthquake under the circumstance that the connections are in cyclic seismic action.

3.2.7 Stiffness characteristics

In order to evaluate the stiffness reduction level of the samples, the secant stiffness presented in [54]
is utilized, which is calculated by:
_ |+Fij|+|-Fijl

Do el =xl

K; “4)

where K;; is the secant stiffness at the ith loading cycle, +F;; is the positive (pushing) maximum
load and +X;; is the homologous displacement, while —F; ; is the negative (pulling) maximum
load and —X; ; is the homologous displacement in the ith loading cycle at the jth loading step.

Fig. 24 illustrates the secant stiffness-displacement evolution curves. All the precast specimens
had a total loss of stiffness at a shorter loading displacement level compared with specimen BCJ-C.
Besides, the precast specimens had a higher initial secant stiffness than specimen BCJ-C, which is
also confirmed in Fig. 19b. This can be attributed to the larger stiffness of the grouted sleeves,
which had a larger diameter than the longitudinal reinforcement used in the reference specimen. The
specimens BCJ-1, BCJ-2, BCJ-4, and BCJ-5 had a similar rate of stiffness degradation. The
specimen BCJ-3 had a slower rate of the stiffness degradation compared with other prefabricated
specimens due to the increased diameter of the transition bar in specimen BCJ-3, which helped to
resist the stiffness degradation significantly.

3.3 Provisions of the flexural capacity

In this section, a theoretical prediction of the flexural ability of the tested beam-column joints is
undertaken and compared with the test results. Since the grouted sleeve splices in the proposed
prefabricated beam to column joints were not subjected to bond-slip failure and the load carrying
ability of the precast specimens was similar to that of the reference specimen, the design provisions
for cast-in-place structures can be applied to the precast beam-column joints connected by double
grouted sleeves. All specimens were subjected to a failure mode with a plastic hinge at the beam
end, which shows that the load carrying capacity of the samples was controlled by the flexural
capacity of the beam’s cross section. Therefore, the classical flexural capacity calculation method
that has been commonly used to study different components [13,63-65] can be utilized in this
research. A schematic diagram for calculating the flexural capacity of the beam is given in Fig. 25.
According to the equilibrium conditions, the following equation can be obtained:

a1 febx = fAs — f5 A )
where a; is the ratio of equivalent rectangular stress (herein, a; is taken as 1.0 according to
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GB50010-2010 [66]), f. is the axial compressive strength of the concrete (f, = 0.88a.1.2fcy
where a; = 0.76, a, = 1, and f,, is the cubic compressive strength of the concrete according to
[66]), b is the width of the beam’s cross-section, f; and f; represent the tensile and compressive
strengths of the steel bars (for the specimens BCJ-1, BCJ-2 and BCJ-3, the tensile and compressive
strengths were obtained from the transition bars, while for the specimens BCJ-4, BCJ-5, BCJ-S and
BClJ-C, the tensile and compressive strengths were obtained from the longitudinal steel bars), As
and Ag are the corresponding areas of tension and compression steel bars, and x is the balanced
compressive height which should satisfy Eq. (6):
X = 2aq (6)
First it is assumed that the tensile reinforcement yields, that is, f; takes the yield strength of the
longitudinal reinforcement. When the calculated x satisfies Eq. (6), it indicates that both the
compressive and tensile reinforcements reach the yield strength and the assumption is valid. At this
time, the maximum flexural ability (M,,.) of the specimens can be calculated by Eq. (7). If the
calculated x does not satisfy Eq. (6), it indicates that the strength of the tensioned steel bar needs to
be increased. Then the strength (f) of the tensioned steel bar is assumed to be its ultimate strength.
If x calculated by Eq. (5) satisfies Eq. (6), the strength of the tensioned steel bar can be taken as its
ultimate strength, and then M,,,, can be calculated by:

Myre = f{ Ay(ho — ag) + ay febx (ko —3) (7)

where hy is the effective height of beam’s cross-section.

If the calculated x still does not satisfy Eq. (6), it indicates that the compression steel bars have
not yielded. According to the stipulation in GB50010-2010 [66], M,,, can be obtained by:
Myre = fsAs(ho — as) (®)

The theoretical maximum flexural capacity of the specimens is calculated by using the above
described approach and compared with the experimental results, as illustrated in Table 6. The
maximum flexural capacity of the precast specimens is less than 6% compared with the test value,
which reflects that the maximum flexural ability of the precast beam-column joints connected by
double grouted sleeves can be well predicted by using the same maximum flexural capacity
calculation method as the cast-in-situ beam-column joint. The difference between the predicted
maximum flexural capacity and the measured value is only 2.62% for the specimen BCJ-3 with
transition bar diameter of 18 mm, which suggests that the load bearing capacity of the specimen
BCJ-3 is equivalent to that of the cast-in-situ specimens with a longitudinal steel bar diameter of 18
mm. It should be mentioned that the amount of steel used in the specimen BCJ-3 is less than that of
the cast-in-place beam to column joint with the same bearing capacity. Therefore, it is economical
to improve the load carrying ability of the proposed precast joints by increasing the transition bar
diameter. However, this finding is valid for the joint with no protruding beam only if the amount of
steel bars (not the transition bars) outside the long grouted sleeves is enough to resist the bending
moment in front of the long grouted sleeves in the precast beam.
4. Conclusions
An experimental investigation was conducted to investigate the seismic performance of the
prefabricated beam-to-column joints connected by double grouted sleeves. According to the present
study, the following conclusions can be drawn:
e All prefabricated samples were subjected to a failure by plastic hinge deformation at the beam

end and the grouted sleeve splices in all samples were not subjected to bond-slip or fracture
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failure. These indicate that it is feasible for double grouted sleeve splices to connect two
disconnected precast members.

The yield load of the prefabricated specimens was similar to that of the control specimen and
increased with the increase of transition bar diameter.

The load carrying ability of the precast specimens was similar to that of the reference specimen
and was increased by 20.4% as the transition bar diameter increased from 16 mm to 18 mm. It is
worth mentioning that increasing the diameter of the transition bar is a good solution to improve
the load carrying ability of the joints because of the short length of the transition bar and the low
cost. However, this solution is only suitable for the precast joint with no protruding beam.

The deformation capacity of the precast specimens in the ultimate limit state was lower than that
of the control specimen. The ductility and deformation capacity of the precast specimens were
improved with the increase of the assembly length. In addition, threads in the grouted sleeve had
a negative impact on the ductility and deformation ability of the joints.

The average ultimate cumulative dissipated energy of the prefabricated specimens is 41% lower
than that of the reference specimen because of the larger stiffness of the grouted sleeves
compared to conventional steel bars. With the increase of the assembly length from 0 mm to 425
mm, the energy dissipation ability of the precast specimens was enhanced by 22.8% and 33.2%,
respectively, because of the increased plastic hinge length. As the transition bar diameter
increased from 16 mm to 18 mm, the energy dissipation capacity of the precast specimen was
increased by 64.8%. Therefore, increasing the diameter of the transition bar to enhance the
energy dissipation of the precast joint is an effective and economic measure due to the short
length of the transition bar. But this measure is only applicable to the connection with no
protruding beam. Additionally, threads to provide interlocking mechanism in GSWT have a
negative impact on the energy dissipation of the precast joints compared with GSW.

The precast beam-column joint connected by double grouted sleeves is a new type of connection.

To acquire a further understanding of the structural behaviour of the joint under different loading

conditions, it is necessary to conduct numerical simulations and analytical analysis. This is a subject

of ongoing work and will be presented in a future publication.
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Fig. 1. Schematic diagram of the proposed precast beam-column connection: (a) precast column and
beam in place; (b) move the transition bar from long grouted sleeves embedded in precast beam to
short grouted sleeves embedded in precast column and keep the same length of transition bar in the

long and short grouted sleeves, grout the grouted sleeve and the filler.
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Fig. 2. Details of specimens (in mm): (a) BCJ-1, BCJ-2 and BCJ-3; (b) BCJ-4, BCJ-5 and BCJ-S; (c)
control specimen, BCJ-C.
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Fig. 3. Schematic diagram of grouted sleeves: (a) GSW; (b) GSWT.
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Fig. 4. Details of grouted sleeves: (a) GSW (GW-1 and GW-2); (b) GSWT (GT-1 and GT-2).



Fig. 5. Failure modes of grouted sleeve splices: (a) short GSW (GW-1); (b) short GSWT (GT 1); (c)
long GSW (GW-2); (d) long GSWT (GT-2).

Fig. 6. Fabrlcatlon of precast specimen: (a) h01st prefabrlcated column; (b) lift prefabrlcated beam;
(c) adjust the prefabricated members to design position; (d) transition bar construction; (e)
formwork construction; (f) precast specimens after grouting the sleeve and filler, whitewashing and
drawing grid in order to observe cracks easily.



| ]

: b _ A/“ T _—
L2 o N
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Fig. 9. Arrangement of displacement gages.
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Fig. 10. Arrangement of strain gauges of the specimen BCJ-S.
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Fig. 11. Failure modes of BCJ-S: (a) beam; (b) top of beam; (c) local area of beam; (d) joint core
region.
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Fig. 12. Load-displacement response of the specimen BCJ-S.
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Fig. 13. Load-strain response of column for BCJ-S: (a) longitudinal reinforcement; (b) stirrup.
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Fig. 14. Load-strain response of beam for BCJ-S: (a) longitudinal reinforcement; (b) stirrup.
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Fig. 15. Load-strain response of the short grouted sleeve for the specimen BCJ-S: (a) tension face;
(b) compression face.
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Fig. 16. Load-strain response of the long grouted sleeve for the specimen BCJ-S: (a) tension face; (b)
compression face.



L4

s N ”""'_‘

L T hé cmck rdn£€ s

10



\

o The;&;l—cfrang is mtjnd }0‘7?"}% B 411

S i hinciion e
—— \
e W

o e
._‘_‘__ e

1T

i
f’he &’m!k rang els

vl -

l
+‘#- “*A‘j"‘”’# g 18 | Plasttc hmgv = ]
1 | it J-5

Fig. 17. Failures of control and precast specimens under cyclic loading: (a) BCJ-C; (b) BCJ-1; (¢)
BCJ-2; (d) BCJ-3; (e) BCJ-4; (f) BCJ-5.

11



60

—
.|.u
oL
o
| ©
<
L ©
N
- o
o
o
o
- <
]
o
T T T T T ©@
o o o o o o o
e I § ¥ @
~~
2 (N>) peo
N’
o
o
(@) —
3
a8
1.
o
| ©
<
. ©
N
- O
o
— N
)
o
- <
]
o
<
o
-
S
T T LI T —
o o o o o o o !
O < N N < o
G (N>) peoT

Displacement (mm)

Displacement (mm)

0

-20
Displacement (mm)

—— BCJ-5

40 -

20 H

(N) peo

-20 <

0 20 40 60
Displacement (mm)

-20

0
Displacement (mm)

Fig. 18. Hysteretic response.

12



(a) (b)
60 60
40 50 +
The inflection point 1
= 20 s the yield point. = 40
< X 7
g 0 = 30
S ——BG&1 3 —=—BCJ1
-20 ~—BCJ-3 - 20 - The stiffness of the specimen BCJ-Cis —e— BCJ-2
1 :gjg i lower than that of the precast specimens. === BCJ-3
0] ——BCJ-C 10 - —v— BCJ-4
1 —— BCJ-5
-60 —T T T T T T T T T 0 —<+—BCJ-C
-100 -80 -60 -40 -20 0O 20 40 60 80 100 (') ) 2'0 ) 4'0 ) 6I0 ) 80
Displacement (mm) Displacement (mm)

Fig. 19. Skeleton curves for cyclic loading specimens: (a) load-displacement envelope; (b) average
load-displacement envelope.

Load

C F

Displacement

Fig. 20. Idealized hysteretic loop.

13



Cumulative dissipated energy

~
&
=

(kN-m)

= N w
o o o o
P I I

(b)

[e2]
o

N
o
1

oo

—&— BCJ-1
—e— BCJ-2
—&— BCJ-3
—v—BCJ-4
—— BCJ-5

-

41.2

70
S  60-
i
[
50_
=)
S~ 1
g E497
(7]
(72}
5 <309 509 206
S ]
5 20
= 1
5 10—_
0

33.9

33.3

54.6

0

B L B B B B
10 20 30 40 50 60 70 80
Displacement (mm)

I T I T I T I T I T I
BCJ-1 BCJ-2 BCJ-3 BCJ-4 BCJ-5 BCJ-C
Specimen ID

Fig. 21. Energy dissipation of specimens under cyclic loading: (a) evolution of cumulative
dissipated energy; (b) ultimate dissipated energy.

he

0.30
0.25 —
0.20 —
0.15 —
0.10 —

0.05

Decline

—&— BCJ-1
—e— BCJ-2
—a— BCJ-3
—v— BCJ-4
—&— BCJ-5

BCJ-C

0.00

T
12 3 4 5 6 7 8 9
ANy

T
10 11

Fig. 22. Equivalent viscous damping coefficient for the specimens under cyclic loading.

1.2
104 2 e ;
A/‘W
| N
0.8 1
< 0.6 4
| —a—BCJ-1
—e— BCJ-2
0.4 —&— BCJ-3
| —vy— BCJ-4
0.2 ——BCJ5
1 BCJ-C
00 T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11

AlAy
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Fig. 25. Schematic diagram for calculating the flexural capacity of the beam.

15



Tables

Table 1 Details of grouted sleeves

Name of Types of Types of
Ly (mm) L, (mm) L; (mm) Ds (mm) &, (mm)

sleeve sleeve length

GW-1 GSW Short / 275
GW-2 GSW Long / 400

30 42 5

GT-1 GSWT Short 85 275
GT-2 GSWT Long 85 400

Note: L, is the wedge length; L, is the distribution length of thread; Ly is the length of the grouted sleeve;
D; is the outer diameter of the grouted sleeve and t,, is the wall thickness of the grouted sleeve.

Table 2 Specimen design details

. Column Beam size Types of Short Long Types of dg l,
Specimen ) . ) u
size (mm) (mm) specimen sleeve sleeve loading (mm) (mm)
BCJ-1 Precast GT-1 GT-2 Cyclic 16 0
BCJ-2 Precast GW-1 GW-2 Cyclic 16 0
BCJ-3 Precast GT-1 GT-2 Cyclic 18 0
BCJ-4 350 x 350 200 x 350 Precast GW-1 GW-2 Cyclic 16 425 0.35
BCJ-5 Precast GT-1 GT-2 Cyclic 16 425
BCJ-S Precast GT-1 GT-2 Static 16 425
BCJ-C Monolithic / / Cyclic / /

Note: dg is the diameter of the transition bar; [; is the assembly length (i.e. the length of protruding beam
of precast column) of the joint and p 1is the axial compression ratio of column.

Table 3 Material properties of steel bars

Type of .
) Grade Diameter (mm) fy (MPa) fu (MPa) E (GPa)
reinforcement
Stirrup HRB400 8 431 580 200
Longitudinal bar HRB400 16 428 569 198
Transition bar 4 HRB400 16 418 556 198
Transition bar B HRB400 18 428 559 200

Note: f,, is the yield strength of reinforcement; f,, is the tensile strength of the reinforcement and E is the
elastic modulus.

Table 4 Material properties of concrete, grout and filler

) Compressive strength Flexural strength . )
Specimen Water-material ratio
(MPa) (MPa)
Concrete 39.8 / /
Grout 86.2 14.5 0.13
Filler 82.1 13.9 0.12




Table 5 Statistics of test results

Specimen

P, (kN)

P

v 4, (mm) Prax (KN) Prax Apay (mm) P, (kN) A, (mm) Ha i
(G =) ) G (CP) () ) G + = + (G I G I G

BCJ-1 4734 -3577 4156 9.02 -8.96 5131 -38.88 45.10 31.49 -40.51 4549 -3838 4499 -4491 499 501 5.00
BCJ-2 4020 -4564 4292 938 -1132 4020 -50.50 4535 938 -40.23 26.84 -4991 51.63 -51.71 550 457 5.04
BCJ-3 50.68 -4795 4932 11.65 -11.58 57.63 -51.47 5455 4647 -34.88 5213 -39.72 5798 -58.00 498 5.01 5.00
BCJ-4 41.62 -44.07 4285 1656 -7.54 41.62 -4733 4448 1656 -49.47 3537 -4281 66.12 -66.14 399 877 638
BCJ-5 3897 -4286 4092  9.09 -12.46 3897 -46.57 4277 9.09 -3732 3531 -4290 56.03 -56.12 6.16 450 533
BCJ-C 46.18 -40.06 43.12 1435 -1589 46.18 -4441 4530 1435 -5544 4463 -41.82 79.19 -7930 552 499 526

Note: (+) and (—) indicate the positive (pushing) and negative (pulling) loading directions, respectively;

P,

) is the yield load and A,, is the corresponding displacement; Fy is average yield load in the positive and

negative directions of loading; P, is the maximum load and A, is the corresponding displacement;

Prax 1s the average maximum load in the positive and negative directions of loading; P, is the failure load

and A, is the corresponding displacement; pu, is the displacement ductility coefficient and [ is the

average displacement ductility coefficient in the positive and negative directions of loading.

Table 6 Comparison between predictions and experimental results of flexural capacity

Specimen BCJ-S BCJ-1 BCJ-2 BCJ-3 BCJ-4 BCJ-5 BCJ-C
Mgy, (kKN-m) 57.98 58.63 58.96 70.92 57.82 55.60 58.89
M, (KN'm) 59.03 57.68 57.68 72.83 59.03 59.03 59.03

Error (%) 1.78 -1.65 -2.22 2.62 2.05 5.81 0.24




