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Seismic performance of a novel self-sustaining beam-column connection for

precast concrete moment-resisting frames
Jia-Jun Fai, Gang Wa"", De-Cheng Ferfg, Yi-Hua Zeng®, Yong L«f
a. Key Laboratory of Concrete and Prestressed @mn&tructures of the Ministry of Education, SchafoCivil
Engineering, Southeast University, Nanjing 21008ina.
b. Laboratory of Industrialized Structural and BedEngineering of Jiangsu Province, Southeast WsityeNanjing
210096, China
c. Institute for Infrastructure and Environmenth8al of Engineering, The University of Edinburgidiiburgh EH9
3JL, United Kingdom.
Abstract

In this paper, a novel prefabricated reinforcedccete (PC) self-sustaining beam-column connectismfoment-
resisting frames was developed to achieve thetegfeshort erection time, high construction eéfinty, low-cost and
satisfactory seismic performance. The connectigigteeeliminates the need of temporary supportgi®iPC beams and
slabs during the assembly process in site, andcesdilhe amount of lateral supports for PC multiestacolumns and
formwork for cast-in-place concrete. As the destbttackness of PC U-shells at the beam ends wastdid of the
beam width, there could be a marked effect onthéeaed integrity of such connections, especialigar seismic loading.
To investigate the seismic performance of this R@nection, five large-scale PC self-sustaining bealamn
connections specimens and one reference convehtihaonnection were designed and tested undersewyclic
loading. The test parameters included the lengthaaea of the flexural reinforcing bars placedhatthottom of PC U-
shells, and the anchorage measures (stirrupskinb&l PC U-shell. The five precast specimens ebtdalsimilar crack
distributions and failure patterns due to the gapring between the PC beams and column surfacehwzs attributed
to the reduced effective width and depth of beaossisection. The test results showed that the ukmger flexural
reinforcing bars had little influence on the loat+ying capacity, but contributed to the initiaiffsess and energy
dissipation capacity. The load-carrying capacityréased by 24% when the area of flexural reinfgrbiars increased by
50% in the U-shell region. The incorporation ofrsips in the overlapping region of beam flexurahf@cing bars and
longitudinal rebars improved their bond-slip beloaviin specimen PC-S. Compared with specimen P@&energy

dissipation capacity of specimen PC-S was imprdmedl6.5%. Finally, the failure pattern and loadrgiang capacity of
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the PC specimens were analysed and discussedaisingplified mechanical model.
Keywords. precast concrete; beam-column connection; self-sustaining connectipargescale experiment; seismic

performance; mechanical model.

1. Introduction and background

Over the past few decades, the industrializatiomenf building technologies based on prefabricatdfarced
concrete (PC) structures has become a strategiecsubue to its advantages of less manual laboupraved
standardization and quality control, reduced emrimental impact, high construction efficiency andgaconomic
performance [1]. However, the seismic performance mtegrity of a PC structure are essentially gogd by the
properties of the connections between various prafated units [2-4]. In the prefabricated reinfetcconcrete (PC)
moment-resisting frames, the beam-column connextiday an even more critical role in determining thverall
structural performance. The damage and collap&Cdbuildings caused by the failure of PC beam-calgonnections
have been reported in many experimental studiedielddobservations after earthquake [5, 6]. Fromdtructural point
of view, an ideal PC beam-column connection shdalee the ability to transfer complex forces, mamthe integrity
and prevent the collapse of the structure when uséde medium- and high-seismic regions [7-9]. Aiddally, the
assembly construction of the beam-column connegfiosite is complex, and this further resultethis current practice
of using heavily-distributed reinforcing bars inmather confined space around a connection. Therefomproving the
connection technologies is a key to ensuring satiefy seismic performance and constructabiliti ©6fframes [10, 11].

Various types of PC beam-column connections haea lpeoposed and their seismic performance evaluates:
literature. These beam-column connections canwigetl into two different categories based on theirctural behaviour
in comparison with their traditional cast-in-pla@P) counterparts, namely, emulative beam-colummmections and
ductile connections [12-14]. In most cases, thetiuconnections were semi-rigid and their rotasibstiffness was
smaller compared with cast-in-place connectionse &hergy dissipation capacity of ductility connecs has been
deemed to require enhancement with energy dissipatevices when used in seismic zones [10, 15].ekample,
Ozturan et al. [16] tested the seismic performasfcur types of ductile beam-column connectione Test results
showed that the modified bolted connections hadthentages of easy fabrication and a good seisenformance. For
the dry beam-column connection proposed by Vidjgapand Jaya [17], the prefabricated reinforcedceete (RC)
columns and beams were connected with the clede anigh different amounts of stiffener. Lacerda adt [18]

experimentally investigated the performance of mig#gid beam-column connection, in which the PCitns were
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supported on the corbel of PC columns with contintgbars.

On the other hand, in PC emulative beam-column ections the structural integrity of the beam-column
connections is obtained through connecting theitadmal reinforcing bars (or steel strand) of beawn two opposite
sides of a connection crossing the columns andeabing concrete at the beam ends and joints. Suutections typically
exhibit rigid behaviour which could closely matttat of their cast-in-place counterparts. Thusciteventional design
methodologies and standards developed for RC stestmay be appropriate for the emulative PC sirast with
minimal modification [19-21]. The emulative beamtgan connections have been well accepted and witsdy around
the world. Various emulative beam-column connectemhnologies have been proposed and their sejzanformance
compared with the RC connections in the literatasshriefly summarised in the following.

Park and Bull [22] tested the performance of laggale exterior beam-column connections consistifRfoocolumns
and composite beams with U-shaped shells. Kim ef28] presented an experimental study about thesldped
cruciform PC beam-column connection. In this beatwon method, a PC beam shell was also adoptedstaaidht
reinforcing bars were used for easy constructidre Seismic performance of the precast connecti@ssdemonstrated
to be acceptable. Parastesh et al. [24] reporetesit results of interior and exterior beam-colwonnections suitable
for PC frames located in high seismic zones. Tleeast concrete beams were designed with a holl@kdped cross-
section, and the longitudinal reinforcing bars wepdiced at the beam bottom before casting conchéteslippage
between PC components and the cast-in-place cenars$ observed in spite of the smooth surface efitfshaped
section. The PC connections were demonstrated tmimparable with monolithic specimens in the aspetflexural
strength, ductility and energy dissipation. Hye@taal. [25] conducted a cyclic loading test on ¢asgale emulative
beam-column connections based on the previousradsela their research, the yield stiffness of 8@ connection
decreased by 10% and energy dissipation decreas8€%, compared with the RC connection, becaus®@éeam
shells were not completely integrated with the -@agilace concrete and bond-slip in reinforcingsbaccurred there. It
was suggested that the thickness of the PC bedhashehe seating length be decreased to incrbaseffective cross-
sectional area of the beam core and the deptlegbiht. Considering the weakness of the PC beadommaoconnections,
Eom et al. [26] proposed a plastic hinge relocaipproach, including two strengthening methods el weakening
method, to improve the earthquake resistance obélaen-column connections by. Some researchers gedptifferent
methods to connect the reinforcement of the oppdmtims and these technologies were proved effe@ivan et al.
[27] proposed a novel precast concrete beam-coltannection, in which the precast beam with a U-stidmllow area

was also used. Pre-tensioned strands were uskd bedm bottom reinforcement and connected thrtheghulb anchors



86 at the beam ends. Moreover, the additional baigente U-shaped hollow area were deemed necessamovide
87  adequate structural connections. From the liteeatand discussion above, the use of U-shells &@beam ends has
88 been found to be beneficial for an easy assembigtoaction and achieving an adequate flexural gtrerHowever, the
89  PC U-shells decrease the effective depth and vatithe beam cross-section, and hence could be ficoar adverse
90 impact on the integrity of the connections dueéhdifficulty in ensuring satisfactory bonding beioar between the PC
91 concrete and cast-in-place concrete. Moreovedét&iled continuity anenchorage measures for the arrangement of the
92 reinforcement at the beam ends also could resaltsignificant effect on the seismic behaviourh&f PC connections.
93 In some types of PC emulative beam-column connestithe PC beams were cast without the U-shell,thad
94  connection and anchorage of the beam longitud@iafarcing bars were achieved by different altaékgamethods. Xue
95 and Zhang [28] developed a hybrid beam-column cctimme consisting of composite concrete beams astlingplace
96  columns. Both the exterior and interior connectiavese demonstrated to behave similarly to the mthiolconnections.
97  Inthe experimental study conducted by Alcocel.§28], the continuity of the beam bottom reinfencent was achieved
98  through the overlapping of U-shaped prestressiramds at the joint in one connection specimerhénather connection
99  specimen, the continuity of the reinforcement wiakimed by placing the 90-degree hooks at the,jaiml these hooks
100 were tied in place and enhance by hoops arounet ldk [30] also used the U-shaped strands in tesgarch to obtain
101 an effective stress transfer mechanism. Accordimgthie test results, the proposed connections wihstverse
102 reinforcements were sufficient to use in moderatemsic regions. Yuksel et al. [31] studied the m@gsperformance of
103 two different types of exterior beam-column coniew, namely an industrial type and a residentyglet Both
104  connections showed high energy dissipation up2®astructural drift ratio.
105 Summarising the above overview, although variowhrielogies of PC beam-column connections have been
106 developed, they are generally complex and requirehnm-situ work to avoid unacceptable construcémors. Moreover,
107  stabilising temporary supports for the prefabridatemponents and formwork for in-situ concrete ingsare usually
108 required, crippling the advantages of PC struct[82k
109 In this study, the proposed self-sustaining bealaron connections are aimed to be applied in conjanaowith
110  multi-storey precast columns with corbels. The @mtions are composed of PC beams with U-shelleaimbends,
111  additional straight flexural reinforcing bars arastin-place concrete. The proposed PC self-suistplveam-column
112  connections were different with the existing PCraxtions in the larger thickness of PC U-shell #valcorbel with
113  sufficient strength on the PC column. The PC colsiaimd beams can play the role of the vertical teemgsupports, so

114  no additional supports are required for the PC Iseand slabs during the assembly construction en dibwever, the
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thickness of the PC U-shell are made markedly faegel this introduced potential issue concernegseismic behaviour
of the PC connections. In the experimental studgijtinal straight reinforcing bars were placeddeghe U-shell at the
beam ends, through the beam-column joint and egténtto the opposite beam as a remedial measuhe dficreased
shell thickness. The cracking pattern and failuoglen load-carrying capacity, stiffness and stredgtiradation, ductility,
strain distribution of reinforcement and concretg] energy dissipation capacity of the PC connestieere investigated

to assess their seismic performance and compatbdhe cast-in-place specimen.

2. Description of the developed PC self-sustaining beam-column connections

The details of the PC self-sustaining beam-coluommections are depicted in Fig. 1(a), and a phbenaactual
project with this connection is shown in Fig. 1(lban been seen that the PC multi-storey coluwvere connected with
the foundation through grouted sleeves and fixeth \@iteral supports. The precast beams with U-shedlre directly
seated on the corbels of the multi-storey precalsinen. The corbels of the PC columns and PC U-slalbeam ends
were designed to carry both the self-weight of B@ components and the construction load. Similahyg, precast
prestressed hollow core slabs were also designdzk teeated on the PC composite beams (Fig. 1(lwgra®, no
temporary supports were required for the precastiseand slabs during the assembly process, thiay'sh& proposed
PC connections named “PC self-sustaining beam-aoleonnection”.

The PC beam-column connections were easy to be letedpafter the prefabricated components were lladta
Straight flexural reinforcing bars were placedheg bottom of the U-shell through the beam-columintjand extended
into the opposite beam, and then concrete wasatdbke joints and beam cores. The usage of stregghforcing bars
was convenient for assembly construction in sité @roided the congestion of reinforcing bars atctenection zone.
There were no complex operations necessary foremimy the beam longitudinal reinforcing bars witlechanical
splices or welding. Furthermore, the PC U-shellsenesed as permanent formworks for convenientlyipgwconcrete
in site. Similarly, the assembly construction @& ganel-to-structure (beam) connections containadecting reinforcing
bars protruding from PC hollow core slabs and ngatoncrete. Compared with various types of exgsi€ connections,
the PC frames with this type of self-sustainingrbemlumn connections are also advantageous in tefmsduced
erection time and good economic performance. Howetés understandable that the seismic perforraoic this
connection would be influenced by some importamapeeters, including the length and area of flexbais placed

inside the U-shell, as well as the anchorage measfrthe flexural reinforcing bars.
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Fig. 1 The PC self-sustaining beam-column connections

3. Design and fabrication of test specimens

3.1 Description of test specimens

The five large-scale PC beam-column connections and the reference CIP specimen were re-designed based on the
bottom storey of a pilot project in China (Fig. 1(b)). The prototype structure was a 4-storey building, in which the two
levels at the bottom were used as an exhibition centre, and the two levels at the top were designed for office rooms. The
storey heights of the first and second floors were 6 and 4.5 meters, respectively, and the dimensions of the column cross-
section were 600 x 600 mmfor both floors. The spans of the main beams were 8 and 12 meters in the longitudinal (along
the length of the building) and transverse (along the width of the building) directions, respectively, to meet the requirement
of large space. Considering a normal depth-span ratio of RC beams is 1/8-1/12 [33], the range of the beam depth was
approximately 700-1000 mm. It should be mentioned that the precast prestressed hollow slabs (with a thickness of 200
mm) were placed upon the precast composite beams with the seating length of 75 mm. The side thickness of the PC U-
shell was approximately 200 mm on average, therefore, the width of the precast beam was 600 mm, consistent with the
width of the column.

The configurations, dimensions and reinforcement details of the test specimens are shown in Fig. 2. Each PC
specimen was composed of one precast column without concrete at the joint, and two precast composite beams with U-
shells. The cross-section was 600 x 600 mm for théC columns and 600 x 800 mm for theomposite beams after casting
concrete. The PC beams were 3830 mm in length and the height of precast columns was 4650 mm, which were
approximately the half lengths of the beams and columns in the prototype structure. The seating length of the PC beams

on the PC column corbels was 180 mm (Fig. 2(a)). The longitudinal reinforcing bars of the PC columns were
6



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184
185

10D28+2D25 mm, providing a reinforcement area ef07thnt and a reinforcement ratio of 1.98%. In the PC speas,
6D25 and 2D16+4D10 rebars were placed at the badtuartop of the PC composite beams, respectivelweyer, all
these bars were cut off at the beam ends and dietend into the beam-column connections. The thid&ness of the
U-shell was 200 mm at top and 215 mm at bottom thadottom thickness was 70 mm (Fig. 2(b)). Ttotineed surface
of the U-shell was designed to facilitate the read@f the formwork when the PC beams were fabratatde flexural
reinforcing bars were in straight without anchorageasures for convenient assembly construcfitwe. lengths of the
flexural reinforcing bars (4D20) inside the PC Lekhs werelae, 1.4Lae and1.6L. for specimens PC-L1, PC-C and PC-
L2, respectively, with .=38D according to Chinese code [34], wheggis the anchorage length of tensioned reinforcing
bars in concrete when components are under eakbgaadD is the diameter of the flexural reinforcing bais.
specimen PC-S (Fig. 2(c)), the flexural reinforcrags and the rebars at the PC beam bottoms whigated together
with small U-stirrups. The small U-stirrups were@mith a spacing of 100 mm. In specimen PC-R (B{d)), 6D20
reinforcing bars were placed inside the U-shellanieg that the reinforcement ratio of flexural fencing bars inside
the U-shell was increased by 50%. In specimen EI§. 2(e)), 2D25 + 1D18 rebars were used as thgitiadinal
reinforcing bars at the bottom of RC beams, remitasg almost the same reinforcement area with epecimens. The
depth of RC beams was 900 mm, considering the iboititsn of cast-in-place slabs. The test parametatsproperties
of the six specimens are summarized in Table khduld be mentioned that the influence of pandttoeture
connections was not considered in this researdh ttagy might not adequate to allow for large seisdisplacement

demands and affected the overall system performaite PC structures. [35, 36].
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(a) Geometry of five PC specimens
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Fig. 2. Configurations and reinforcement details of the test specimens (Dimensions in mm).

Table 1. Test parameters and properties of thespestimens

Specimen Test parameter Ls (mm) Ly (mm) Flexural rebarsarea
1.4La
PC-C Control specimen L 1100 mm 4D20, 1257 mim
1065 mm
Decreased Lae,
PC-L1 o 800 mm 4D20, 1257 min
flexural rebars length 760 mm
Increased 1.6L4e,
PC-L2 Lae 1300 mm 4D20, 1257 min
flexural rebars lengthh 1220 mm
Stirrups inside 1.4L5,
PC-S P Lae 1100 mm 4D20, 1257 min
U-shell 1065 mm
Increased 1.4L5,
PC-R Lae 1100 mm 6D20, 1885 nim
flexural rebars area 1065 mm
CIP RC -- -- 2D25+1D18, 1491 mén

Notes:Ls is the length of flexural reinforcing bars insitie Ushell; L, is the length of the PC U-shell at the beam ends.

The flexural rebars in specimen CIP were the lemtjital reinforcing bars at the bottom of the beaassing the joint.

3.2 Assembly construction of PC connections

The specimen CIP and prefabricated components made in a prefabrication factory and then trangabtd the
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laboratory after the concrete strength met the requirement. Special attention was paid to the size and location of the U-
shell at beam ends when the templates were made and the concrete was cast (Fig. 3). The assembly of five PC specimens
were carried out in the laboratory. The main steps and key technical points during the assembly process are summarized
as follows.

Step 1: all the surfaces of the precast concrete that made contact with the cast-in-place concrete were roughened and
cleaned, including the surface inside the PC U-shell, the top surfaces of composite beams, and the top and bottom surfaces
of the joint (Fig. 4(a) and (b)). This measure was beneficial for the adhesion strength between the precast concrete and
cast-in-place concrete, ensuring the integrity of the connections and the composite beams after casting concrete. The
roughness of the precast concrete surface was quantified by a parameter named the peak-to-valley height R., which
represents the average of the maximum valley-to-peak-deviations within a certain number of assessment lengths [37]. In
this experimental research, the R. was more than 6 mm and classified as very rough.

Step 2: the precast column was lifted vertically and fixed on strong ground with lateral temporary supports. Then,
the precast beams were lifted and installed upon the corbels of the PC column (Fig. 4(c)). The distance between the beam
ends and the column surface was 20 mm. Vertical temporary supports were used under the precast beams, and these
supports had enough strength and stiffness to resist the sum of the component weight and construction load. The locations
of the precast beams and columns were checked with a laser horizontal instrument before the next step.

Step 3: the flexural reinforcing bars were placed at the bottom of the U-shell, crossing the joint and extending into
the PC U-shell of the opposite beam. Meanwhile, the longitudinal reinforcing bars and stirrups were placed at the top of
the PC composite beams. Finally, non-shrinkage fine aggregate concrete was cast in the beam-column joint and the top
of composite beams. The two consecutive PC beams located at two sides of the PC column were connected with the joint

consisted of the flexural reinforcing bars and cast-in-place concrete.

(b) PC beam

Fig. 3. Prefabricated RC beams with a U-shell
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(a) PC columns (b) PC beams (c) Assembly construction

Fig. 4. Fabrication of the PC beam-column connection

3.3 Properties of concrete and reinforcement

Ready-mixed C40 grade concrete was used for the CIP specimen and the prefabricated components of the five PC
specimens. The concrete had a 28-day specified cube compressive strength (f.,) of 40 MPa. The cast-in-place concrete
used in PC specimens was ready-mixed non-shrinkage fine aggregate concrete with a higher compressive strength (that
was C45 grade), having high flow characteristics. For both types of concrete, six 150 mm concrete cubes were moulded
and cured in the same environment as the specimens. The concrete strength was tested under compression at 28 days and
at the time when the connections were tested, respectively. For the C40 grade concrete, the average cube compressive
strength at 28-days and at the time when the specimens were tested were 39.6 MPa and 43.5 MPa, respectively. For the
C45 grade concrete, the average cube compressive strength at 28 days and at the time the specimens were tested were
46.2 MPa and 50.8 MPa, respectively. According to Chinese code GB50010 [33], the concrete axial compressive strength
f. was evaluated on the relationships as follow: f. = 0.88Qc1acofcu, Where aciis the ratio between axial compression and
standard cube compression, for both the C40 and C45 grade concrete, and ac1=0.76. ac2 is the brittleness reduction factor
of high strength concrete. For the C40 grade concrete, aco=1.0; for the C45 grade concrete, ac2=0.98.

Hot rolled steel bars (HRB500) with a specified yield strength of 500 MPa were used for the longitudinal reinforcing
bars in the beams and columns, also for the flexural reinforcing bars inside the U-shell. Hot rolled steel bars (HRB400)
with the specified yield strength of 400 MPa were used as stirrups. Tension tests of the samples representing all types of
rebars were conducted. The mechanical properties of the reinforcing bars are summarized in Table 2.

Table 2. Properties of the reinforcing bars

Diameter (mm) D28 D25 | D22 | D20 | D18 | D16 | D10 | D8 | D6
Types HRB500 HRB400
Area (mm?) 616 491 380 314 254 201 79 50 | 28
Yield strength (MPa) 548 552 549 556 551 552 487 | 474 | 446

10
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4. Test setup and loading procedure

The test setup and boundary conditions of testisyers are illustrated in Fig. 5 and Fig. 6. The@dd geometry
of the tested specimens was determined by the sgahe beams and columns in the prototype strasiuhe loading
space, as well as the stroke of the actuator andiitance between the ground anchors in the ledrgra

To simulate the roller boundary condition, boththeands were attached to strong ground with londehinged
links, also called roller supports. The double-kithdinks at the beam ends allow horizontal traistednd free rotation
(zero moment), but restrict the vertical transiatibhe column bottom was attached to a hinge téesetzero-moment,
which can be regarded as the contra-flexural paiht®lumns. The hinge was anchored on the strimog fvith six D65
prestressed screws and restricted the horizontaement during the loading process. Sixteen D15e3tpessed steel
strands (specified yield strength of 1860 MPa) wvided into four tendons to apply a constantigattioad of 3000
kN at the top of the column. The axial compressat® ¢ was approximately 0.43, which meets the requiremén
Chinese Code, and is consistent with the protosgpecture and common for multi-storey buildings,[38]. The axial
compressive ratig/ is defined ag/ = N/(A), in whichN is the applied axial load is the area of the column cross-
section, and; is the axial compressive strength of the concr@te hydraulic actuator with a 500 mm maximum stroke
and = 1000 kN loading capacity was used to ap@yréverse cyclic loading at the top of the coluifime clear span of
the beanlL,, which is the length from the roller support te ttolumn surface, was 3600 mm. The distdnbetween
two roller supports at two beam ends was 7800 nira.fiet length of the columnt. was 4675 mm, which is measured
from the centre of the hinge at the column bottorthe lateral loading point (Fig. 5).

Three LVDTSs (linear variable differential transfagrs) were placed at the bottoms of the supporteruheé column
and beam ends to monitor any lateral movementeo§tipport during the test. LVDTs were also insthiiethe top and
bottom surfaces of the beam to measure the relaita¢ion between the column and beams. Reinforoéstein gages
(gauge length 2 mm) and concrete strain gages églength 100 mm) were used to measure the stralreatebars and
concrete at the beam ends and joints.

As shown in Fig. 7, a trail lateral drift ratio @f05% (approximately 2 mm) and a lateral load okROwvere applied
once to check the operating condition of the tetis loading system and the data acquisition kafoe formal cyclic

loading. Based on the recommendations of ACI374.3-R88] and FEMA-461 [39], the lateral loading prool was
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controlled by the lateral displacement [25, 26,. ®gfore a 1% lateral drift ratio, the applied fatedrift ratio was
increased by a 0.25% increment. The increment s increased to 0.5% in the loading process be¥&ndrift. Each
displacement level was performed with three cytdemnsure stable crack propagation of the specirddreach loading
(displacement) step @fach loading cyclethe hydraulic actuator was paused to observe thelaiwent of cracks,
record the data of the applied displacement and, laad check the applied vertical load upon therool The vertical
compressive force was continually monitored andstdd by the jacks and load cells attached todteténdons of steel
strands, so it was at the specified level with igglgle variation during the test. The test was teated when the applied

load reduced to 85% of the ultimate lateral loddylsich point the specimen was considered to haved.
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5. General behaviour of test specimens

5.1 Crack distributions and failure patterns

The concrete crack distributions and failure patieaf the six specimens are shown in Fig. 8. TWeeRiC specimens
exhibited similar crack progression during the loggrocess and failure patterns at the end ofwésth were distinctly
different from the CIP connection.

The failures of the five PC specimens were maittiytauted to the gap-opening between PC beamstanddlumn
surface, and a combination of the concrete crushatzar yielding and bond-slip at the beam endsjaints (Fig. 8(a)
to (e)). For all the five PC specimens, a vertiwack between the precast beam end and columrcewaéaoss the whole
section was observed after a 0.5% lateral driforathat was caused by the poor adhesion strergfihiden the PC
concrete and cast-in-place concrete despite thghrsurface of PC concrete and higher strengthsifiogplace concrete
[37]. Before the 1.5% lateral drift ratio, the dagtween the PC beams and column surface openedcmed repeatedly
under the reverse cyclic loading, resulting in gete crushing. The range of the gap width was afimately 15-30 mm
for the different PC specimens when the specimaitedf The gaps occurred at the beam ends wasyratinbuted to
the reduced effective depth and width of the beamsszsection due to the precast U-stadlwell as the large plastic
strain of the reinforcing bars and the excessivadbsglip between the concrete and reinforcing Baosnpared with other
existing PC beam-column connections, the decreaffedtive depth and width of the composite beanssigection
resulted in their different failure patterns, ardabvious plastic hinges occurred at beam endseffive PC specimens.
Vertical cracks and the spalling of the concreteecmccurred in the corbel under the large compraderce after the
2% lateral drift ratio in the PC specimens, excgacimen PC-R where no significant damage occumréte corbel. In
specimen CIP, the failure was attributed to theesediagonal shear cracking and bond-slip of therbkngitudinal
reinforcing bars at the joint (Fig. 8(f)). The s®r$ joint damage was attributed to the large defithe beam, which was
1.5 times of the column width and resulted in thgdhg-beam and weak column”.

Specimen PC-S is taken as an example to show theagenent of cracks under increased reverse cladiding
and the failure pattern (Fig. 8(d)). During thesticycles of the 0.25% lateral drift ratio, thetioat cracks between the
PC beams and column surface developed quickly aadyncrossed the whole section. Meanwhile, twaicarflexural
cracks appeared at the top of the beam at thendeteaof 350 mm and 600 mm from the column surfabe.flexural
cracks were with the lengths of approximately 158, just equal to the thickness of the cast-in-pleaecrete. At the
first cycle of the 0.5% lateral drift ratio, seviedsstributed flexural cracks occurred along thains at both the top and

bottom within the distance of 1400 mm from the ocotusurface, with a spacing of about 250-350 mm. Wthe lateral
13
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drift ratio reached 0.75%, the gaps between thegstedbeam and corbel were observed, indicatin@@éeams rotated
along the column. An across-section vertical flakwrack was observed at a distance of 1100 mm frencolumn
surface, just at the end of the PC U-shell. At#teral drift ratio of 1%, the gaps at both beamissipecame obvious, with
the largest width of 3.5 mm, and closed after utilog. Meanwhile, several diagonal shear cracks wbeerved at the
joint. The width of the gaps at beam ends incretsegproximately 8 mm at the third cycle of thg%.lateral drift ratio.
When the lateral drift ratio reached 2%, a horiabntack with a length of approximately 180 mm wéaserved at the
top of the cast-in-place joint. It should be nothkdt the horizontal crack there did not cross t®le section of the
column until the end of test. At the first cycletbé 2.5% lateral drift ratio, the diagonal shaarcks at the joint developed
quickly, and vertical cracks were observed on thieran corbels. At the lateral drift ratio of 3%ethvidth of the gap
between the PC beam and column surface was apm@tetin?2 mm, with many small cracks around the §é&ganwhile,
pieces of concrete were dropped from the gap, atitig the concrete was crushed under compresssisteithe beam.

A sound indicating a bar fracture was noticed attdp of the PC beams at the third cycle of th&®Bl&teral drift
ratio, companied with the sudden drop of the agdiiad (Fig. 9(d)). The specimen PC-S failed beeais low-cycle
fatigue fracture of the reinforcing bars at togref beam [40]. This failure pattern was explaineéblows. After the 2%
lateral drift ratio, buckling of the reinforcing fsaat the top of the beam occurred due to the a&se@ compression
strength, crushing of concrete and local damagéestirrups there. Under the reverse cyclic logdihe reinforcing
bars suffered repeated bending and tension defammand finally fractured at the end of test. Itsnabserved that the
corbel under the PC beams to some extent restiicgerbtation along the column downwards, redutiregdeformation
ability of the beam-column connection.

In spite of the similar development of cracks, ¢hesas still some difference in the failure patteshshe five PC
specimens. In specimens PC-L2 and PC-R, the obViorizontal cracks were observed at the top of amsite beams,
which was caused by the poor adhesion strengtheeetthe PC concrete and cast-in-place concretediaigenal shear
cracks in the PC-R specimen were more seriousttieaather four PC specimerwwever, the damage of the corbel in
the PC-R specimen was minor. The width of the ddpeabeam ends in the PC-L1 specimen was apprésiyn0 mm
on average when the specimen failed, which is fatigen that of the other four specimens. Additibnahe corbel
damage, diagonal shear cracks at the jointcamgrete crushing at beam ends in the specimenIP@eke more serious

compared with the specimens PC-C and PC-L2.
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Fig. 8. Crack distributions and failure patterns of the test specimens

5.2 Lateral load-drift ratio relationships

The lateral load-displacement (drift ratio) relationships of the six tested specimens are shown in Fig. 9(a) to (f). The
envelop curves of the hysteresis loops are plotted in Fig. 9(g). The lateral drift ratio was calculated by dividing the lateral
displacement by the effective height of the column (H. = 4675 mm, Fig. 5). In this research, the yielding strength was not
obvious and involved higher uncertainty due to the displacement controlled loading procedure. The yield lateral drift ratio
4y and ultimate lateral drift ratio 4, were defined by using the equivalent elasto-plastic energy principle proposed by Park
[41]. As shown in Fig. 9(h), when the area 4, is equal to the area 4, the position of point H can be determined. Then, the
yield point Y was obtained by the intersection of line HG (parallel to the vertical axis) and the envelop curves. The ultimate
lateral drift ratio 4, was defined as the post-peak lateral drift ratio when the load dropped to 85% of the maximum strength

Poax.
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The yield lateral ratia, yield strengthPy, maximum strengtPmax corresponding drift ratidh, ultimate drift ratio

4., and ductilityu of the test specimens in both the positive andgtieg directions are summarized in Table 3.
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Fig. 9. Lateral load-drift ratio relationships of the test specimens

Notes:4, in Fig. 9(a) to (f) represented the ultimate lakelrift ratio of the applied loading cycle, ane ttorresponding load was less than 85% of the

normal maximum load.

In Fig. 9(a) to (c), the specimens PC-C, PC-L1 BadL2 showed similar overall cyclic behaviour désmif their
different lengths of the U-shells and flexural feiicing bars. Yielding of the specimens PC-C, PCahdl PC-L2 occurred
at the 0.64%-0.95% lateral drift ratio in the psitdirection and negative directions. After thealpdoad, the load-
carrying capacities of the specimens PC-C, PC-IdLR@-L2 decreased gradually and failed at thedat#ift ratio of
3.01%-3.37%. Taking the negative direction for eglanthe yield strength of specimen PC-L2 was 380l 2t a lateral
drift ratio of 0.88%, while the yield strength qfeximen PC-L1 was 279.6 kN at a lateral drift rafi®.83%. The yield
strength of specimen PC-L2 was larger than the BGplecimen, which was attributed to the decreasad-slip between
the flexural reinforcing bars and the cast-in-plaoacrete due to the longer anchorage length. Hexwélve PC-C, PC-
L1 and PC-L2 specimens exhibited little differencethe peak strength, which was attributed to titufe patterns
described in Fig. 8(a) to (c).

The hysteretic loops of specimen PC-S (Fig. 9(Bjentess pinching compared with the control spegiP€-C,
indicating that more energy was dissipated. Thislifig revealed that the stirrups inside the U-skalhanced the
anchorage performance of the flexural reinforciagstand increased the yielding length of the flakteginforcing bars
at the beam ends and joint. After yielding, thedlcarrying capacity of specimen PC-S was maintaifieé maximum
strength of specimen PC-R was 401.6 kN and 392.81kNe positive and negative directions, respetjiyFig. 9(e)),
showing an improvement by approximately 24% on ageras compared with specimen PC-C. Moreover, ididiyg
lateral drift ratiody, and the ultimate lateral drift ratid, also improved. The CIP specimen had a higher tzadsing
capacity compared with the five PC specimens &id)); however, the hysteretic loop showed more pinchiigr the
maximum strength, the strength of the CIP speciaecreased quickly, exhibiting poor ductility. Theop energy

dissipation capacity and ductility were attributedhe serious shear damage at the joint.

Table 3. Test results of the test specimens

L oad
i 0 Py (kN 0 P kN 0
Specimen direction 4, (%) y (KN) | 4n (%) max (KN) | 4u (%) | u
positive 0.73 287.2 2.00 321.5 3.20 4.39
PC-C
negative 0.95 285.9 2.00 320.7 3.01 3.17
PC-L1 positive 0.64 282.7 1.00 320.8 3.27 5.11
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negative 0.83 279.6 2.00 304.2 3.22 3.88
positive 0.69 294.6 2.00 325.0 3.37 4.88

PC-L2
negative 0.88 300.2 2.00 330.3 3.13 3.56
positive 0.63 274.2 1.50 313.3 3.01 4.78
PeS negative 0.86 279.4 2.50 307.6 2.99 3.48
positive 0.81 349.2 1.50 401.6 4.02 4.96
PeR negative 1.02 363.1 2.00 392.3 3.81 3.74
positive 1.01 410.2 1.50 469.7 3.28 3.25
cIP negative 1.14 389.7 2.00 444 .4 3.39 2.97

Notes: The ductilitys =A/4, was calculated by the ratio of the ultimate Idtdrt ratio 4, to the yielding lateral drift ratid,.

5.3 Strain of reinforcement and concr ete

Because of the similar failure patterns of the fA@ specimens, specimen PC-S is taken as an extorgt@mine
the strain distributions of the rebars and conciféitg 10 shows the measured strain of the conaradeebars during the
loading process, including the longitudinal reiiog bars at the top and bottom of the beams,léxaifal reinforcing
bars inside the U-shell, and the concrete at beats.elhe lateral displacement plotted in the x-ameal the plots in
Fig. 10 (b) and (c) was the applied lateral disphaent at the loading point. In each plot, the eaftblue dotted line and
number represented the applied lateral drift ratio.

SC1 represented the measured strain of the coratratdistance of 750 mm from the column surfand,2C2 was
at a distance of 700 mm from the column surfacg.(Ed(a) and (b)). The strain of SC1 was underi¢@ngduring the
application of both positive and negative load egatched more than 20Q@ at a 2% lateral drift ratio in the positive
direction. Combined with the vertical transfer &mthere, it was evident that the bond-slip ofltrgitudinal rebars in
the beams occurred there. SC2 showed that theatericr this area was under compression with th&ipesoad and
under tension with the negative load. The longitatireinforcing bars at the top of the beam atstadice of 400 mm
from the column surface (SR2 in Fig. 10(c)) reacthedyield strain (approximately 25@@) at a 1.5% lateral drift ratio.
Then, the strain of reinforcing bars there dropgeitkly, which was caused by the bond-slip of thlears, crushing of
concrete, and rebar buckling at different loaditages. This finding was also confirmed by the iasieg strain of the
same rebars (SR1 in Fig. 10(c)), which remaineapptoximately 200@xe until the end of test.

SR3, SR4, SR5 (Fig. 10 (c)) represented the stfdtine flexural reinforcing bars inside the PC ekt different

locations. The flexural reinforcing bars at thereands, with a distance of 50 mm from the colummfese (SR3 in Fig.
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10(a)), developed large tensile strain under treree cyclic loading. The flexural reinforcing b#énere yielded at the

0.75% lateral drift ratio with the strain of moteh 250Que, and then reached approximately 4p@@t the 1.5% lateral

drift ratio. The development of the strain in thextiral reinforcing bars was accompanied with thectcete cracking and

gap-opening at the beam ends. With the increadiagmlied lateral drift ratio, the bar yielding prated into the joint.

The flexural reinforcing bar at the joint, with snce of 150 mm from the column surface (S4 @ E0(a)), developed

large plastic tension and compression strain uthgereverse cyclic loading and yielded at the 2@%r&d drift ratio. These

results indicated that yielding and bond-slip af flexural reinforcing bar occurred at the joinhigh was also proved

by the diagonal shear cracks (Fig. 8). The tensimin of the flexural reinforcing bar reached apmately 200Que at

the 2% lateral drift ratio at a distance of 500 finam the column surface (S5 in Fig. 10(a)), andhtteclined rapidly

due to rebar bond-slip and the concrete crushirigeabottom of the beam. It should be noted thatRr@ beam bottom

longitudinal reinforcing bars (S6 in Fig. 10(a)gvetloped large compression strain of approximéat830pe (remained

elastic) at the 2% lateral drift ratio at the bezmd. Then, the compression strain of the reinfgrbiars decreased because

of the concrete

crushing and bond-slip.
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Fig. 10. Measured strain of the concrete and rebars in specimen PC-S

5.4 Simplified mechanical model and load-carrying capacity

According to the crack distributions and failurdétpens (refer to Fig. 8(a) to (e)), as well ashlgsteretic loops and
load-carrying capacity, the failures of all theefi?C connections exhibited a beam yielding mechaaisd the critical
region was located at the beam ends. Thereforelotidcarrying capacity of the PC self-sustainirgaiin-column
connections under considerations depended on tineemiecarrying capacity of the critical beam crossti®ns. On the
basis of the test results discussed above, a fietgpiechanical model for the precast connectimoliring a U-shell
precast beam was established, as shown in Figo Ihlculate the load-carrying capacity. Accordinghe schematic
shown in the test setup (Fig. 5), the relationslgfwveen the applied load at the top of collPprand the moment-carrying

capacity at the critical regionMf_ andMyr) can be calculated as Eq. (1).

2R H,

My + M =P+ P L= (L, 1)

As shown in Fig. 11(a), without considering the teitrution of corbels for the negative momedt, = Py Ly, Mpr=
Porll. M andMpr represented the moments at the left and right berads, respectivelfp,. andPy,r were the vertical
reaction forces of the roller supports at the &aftl right beam ends, respectively. Before 1.5%datrift ratio, the
momentMy. andMprincreased rapidly, resulting in the increasinthefapplied lateral lodé, (shown in Fig. 9), causing
the concrete cracking and flexural reinforcing b@edding. After that, the momeml,. andMyr decreased due to the
serious concrete crushing, bond-slip of flexur@ifiecing bars and longitudinal rebars, and largp gt beam ends, as
shown in Fig. 8.

Combined with the failure pattern, deformation, atrdin distributions of concrete and reinforcirsgdy a simplified
beam yielding mechanical model for the moment-¢aggapacity at the left and right beam ends caedbablished, as
shown in Fig. 11(b) and (c). When calculating tlosifive momentMy, the thickness of the U-shell was taken as the

effective depth and width of the beam. Additionathe reinforcing bars (6D25) at the bottom of B@ beams had no
20



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

contribution to the moment capacity because thaseitad no tension stress (refer to SR6 in Fig)LGdowever, in the
calculation of the negative momehitr, the contribution of the reinforcing bars (6D25)@e beam bottom and the PC
U-shell should be considered. It should be noted ttie corbels also contributed to the negative emimapacityMpr
because the corbels restricted the relative rotatidhe right beam along the column, changingatiea and height of the
compression zone at the bottom of the beam, atsading the vertical force at beam end. Howeveg, ¢brbels had no
influence on the positive moment capadity. because there was a small gap-opening observegdrethe PC beam
and the corbel under positive moment (Fig. 8).

The simplified mechanical model was consistent lith crack distributions and failure patterns a&f #C self-
sustaining beam-column connections. When the sgerimas under positive load, the tension reinfortiags at the top
of the right beam were anchored to the compresgime of the left beam because of the gap at the leeal and the
bond-slip of the rebars in the joint region (ref@ISR1 and SR2 in Fig. 10 (c)). Therefore, the casgion zone at the
left beam end was subjected to the combinationoofipression and anchorage forces (Fig. 11(b)). At time, the
reinforcing bars at the top of the right beam waarehored in the cast-in-place concrete, whereiloliged vertical cracks
occurred. Under reverse cyclic loading, horizostear cracks were observed between the cast-ie-ptat PC concrete
at the tops of the beams with the lengths of 200+8# for the different PC specimens. In specimerRPthere were
more flexural reinforcing bars at the bottom of theshell, which meant a larg@s: when calculated the positive moment
Mo at the critical region (Fig. 11(b)). Hence, thedbdamage and concrete crushing at the top dfehen at the critical
region was more serious (Fig. 8(e)). Meanwhile,en@iagonal shear cracks at the joint and longarbotal shear cracks
at the top of the PC composite beam were obsemvedadthe increased shear force and severe bgndfdhe rebars at

the joint.
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Fig. 11. Simplified mechanical model of the PC connection.

Take specimen PC-C for an example to verify theharital model. The actual material strength antargmilar
concrete stress block of ACI 318-08 [42] were usethe calculation. For the different diametersr@ihforcing bars
(refer to Table 1), the ultimate tensile strgss 720 MPa was used to simplify the calculationtha calculation of the
positive moment at the left beam ends=610 mm was obtained from tequationfy:=F 1. Hence, the positive moment
can be calculated &, = Fy1/H~1257 mmix720 MPax610 mm=560 KRh. Due to the complex stress at the right beam
ends, the contribution of the corbel to the negativomentMyr was not considered to simplify the calculationeTh
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distanceHre between the tension force of the rebars at thetdipe beam and the centre of the compressior fofthe
rebars and concrete was 550 mm. The negative moatehe right beam ends was calculatedgs= Fy.Hre=1742
mmPx720 MPax550 mm= 689 KBh. The theoretical load-carrying capacity of the ®Gpecimen was calculatedRs

= (MpL + MpR) L/Lp/H/2 =289 kN. The tested load of the PC-C specimen R8I on average, which was 10.7% larger
than the calculation. This was attributed to thel@sion of the contribution of the corbel for thegative moment-carrying
capacity and the reinforcing bars at the top ofRieU-shell (2D16+4D10) for the positive momentrgang capacity.

For specimen PC-R, a similar conclusion was algainkd, which was about 12% less than the testtsesu

6. Cyclic performanceindicators of test specimens

6.1 Stiffness and strength degradation

The magnitudes of the secant stiffness of the gecisnens at each loading lateral drift ratio, the stiffness
degradation [43], are compared in Fig. 12. Thdngffs degradation essentially reflects the cunwdatiamage of a
structural element under seismic load and is aroitapt factor for the evaluation of the overallpasse. For the five
PC specimens, the secant stiffness decreased wousily with the increasing applied displacementtdibe cumulative
damage during the loading process. Before the 1ab8fal drift ratio, the scant stiffness decreasgadly, which was
attributed to the development of concrete crackimand-slip and yielding of the reinforcing barstekfthat, the gap at
the beams was not closed after unloading and iffieests degradation dropped slowly. Specimen PGdibéited larger
secant stiffness compared with the other four P&tispens, and is attributable to more reinforcingsbaside the U-
shell. The length of the reinforcing bars inside th-shell had little influence on the degradatidowever, the PC-L2
specimen possessed the largest initial scantesgfrfollowed by specimen PC-S, indicating thah@dequate anchorage
ability of the flexural reinforcing bars was bermdl to the initial stiffness.

The cumulative damage could also result in stredgtiradation during the three repeated cycleggatem lateral
displacement level. The strength degradation caddfieed as the ratio of the cyclic load-carryirapacity at theé™

(i=2,3) load cycle to that at the first load cycleshewn in Fig. 13 and Eq. (2).

i
a =§ (2
j
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Fig. 14. Strength degradation ratios of the test specimens

In the specimens PC-C, PC-L1, PC-L2 and PC-S, tlvarca sudden drop of the strength degradatiovsratiboth
the second and third cyclesz(andas) at the 1% lateral drift ratio, then increasethat1.5% and 2% lateral drift ratios
(Fig. 14(a) and (b)). The sudden drop of the stitedggradation ratio also occurred in specimen P& {Re 1.5% lateral
drift ratio. The sudden drop was attributed toltrge gap-opening at the beam ends. Although te-é@arrying capacity
was similar, the strength degradation in specin@P was more serious compared with the specimér€Rnd PC-
L2, indicating that the shorter length of the fleadureinforcing bars increased the cumulative dasatn specimens PC-
C, PC-L1, PC-L2, the strength degradation ratipandas decreased by 3.0% and 4.8% on average, at eveitgtépal
drift ratio, respectively. However, the PC-S andRGpecimens showed different strength degradasitosa, andas,
which decreased by 1.4% and 2.5% on average, t@sggcThese results showed that more reinfordiags and stirrups
inside the PC U-shell were beneficial for mitigatstrength degradation of the PC beam-column cdimmec In the five
PC specimens, the strength degradation ratit the 3.5% lateral drift ratio was approximat@l§25 on average, which

was greater than 0.75 according to the acceptaiteei@ specified by ACI 374.1-05 [44]. For specm@IP, the strength
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degradation ratiog, andaz were basically linear due to the diagonal sheaclcdamage at the joint region.
6.2 Ener gy dissipation capacity

The energy dissipation capacity of test specimersliculated and compared in terms of the eneggipdition per
load cycle, energy dissipation per load level, clative energy dissipation and the equivalent viscdamping ratio, as
shown in Fig. 15(a) to (d). The energy dissipafien load cycle is defined as the area enclosedlbgddisplacement
cycle, and the energy dissipation per load leveleined as the sum of the three load-displacemyties at a given
displacement. The cumulative energy dissipati@viduated as the total energy dissipation up iwengraft ratio level.
The definition of the equivalent viscous dampintiorgeq is shown in Fig. 15(e) [45]. Whefsc+coa) denotes the area

enclosed by the hysteresis loop at a given dispiaog Suose+40prF) denotes the sum of the area of the two right gities
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Fig. 15. Energy dissipation capacity of the test specimens.

In specimen PC-C, the energy dissipation per lgateaeached a maximum value at the first cycl¢éhef2.5%
lateral drift ratio, while the maximum value in spaen PC-S was achieved at the first cycle of fid&eral drift ratio.
The equivalent viscous damping ratio and energsipision per load level in specimen PC-S contintioeidcrease until
a lateral drift ratio of 3% and were much largerttthose of the PC-C specimen. Finally, the curivd@&nergy dissipation
of specimen PC-S was 16.5% greater than that afrsea PC-C. Hence, in spite of their similar loadrging capacities,
the usage of stirrups inside the PC U-shell redticedond-slip of the flexural reinforcing bars ancreased the energy
dissipation capacity, demonstrating the efficieang advantages of this anchorage measure.

Among the three specimens PC-L1, PC-C and PC-le2Pth-L1 specimen exhibited the lowest amount ofggne
dissipation and an equivalent viscous damping ratie cumulative energy dissipation of specimenlRGvas 31.1%
less than that of specimen PC-L2 at the 4% latiiilratio, indicating a better energy dissipaticapacity of the PC
beam-column connection with longer flexural reifag bars inside the PC U-shell. In spite of thghler load-carrying
capacity and larger ultimate lateral drift ratioe differences of energy dissipation capacity betwspecimens PC-R and
PC-C were minor at the same lateral drift raticobef3.5%. This finding was attributed to the sigmaift rebar bond-slip
and more damage at the joint in specimen PC-RItirgin more pronounced pinching of the hysterktaps and smaller
equivalent viscous damping ratios (Fig. 15(d)). Doeon-ideal damage at the joint in specimen @1€,equivalent
viscous damping ratio was smaller compared to tlefstbe PC specimens, and the energy dissipatipaaiy was

unsatisfactory considering its higher load-carryiagacity.

7. Conclusions

Precast concrete frames with self-sustaining bealomiin connections have been proposed and implechénte

several pilot buildings in China. The proposed R@nections have great advantages in terms of higistaiction
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efficiency, less manual labour, cost effectiveness] less need for formworks and temporary suppasthave been
demonstrated by the test specimens in the labgratiod actual projects. Large-scale experiments werérmed to
study the seismic performance of the PC self-suisigibeam-column connections. On the basis ofdbkeresults, the
following conclusions can be drawn:

(1) The PC self-sustaining beam-column connect&m®ved a distinctly different failure pattern comgshwith
normal cast-in-place connections. Such a failuteepawas characterised by a gap-opening betweeRthbeams and
column, combined with concrete crushing, rebaidyig and bond-slip at the beam ends and jointslarge gap-opening
was attributed to the PC U-shell with large thickmat the beam ends, resulting in a decreasedie#felepth and width
of the PC beam cross-section.

(2) The corbels of the PC columns are key to enaldy assembly and a short overall erection tinthistype of
PC frames in site. At the same time, the corbede abntribute to the load-carrying capacity, inahgdthe negative
moment-resisting capacity and shear resistandeedidam ends. However, the corbels restrictedefhéve rotation of
the beams to columns, especially in negative begpdind this effect has been shown to result inceedsed deformation
capacity and earlier fracture of the top longitadiireinforcing bars at the beam top.

(3) The straight flexural reinforcing bars insithe PC U-shell resulted in the different failuretpat compared with
the existing similar PC connections. The lengtthefflexural reinforcing bars inside the PC U-shwaltl little influence
on the load-carrying capacity of the PC connectidlevertheless, the longer flexural reinforcingsbiar specimen PC-
L2 increased the energy dissipation capacity becatithe reduced rebar bond-slip at the beam emdkalso improved
the initial stiffness.

(4) Compared with specimen PC-C, the load-carrgmgacity of specimen PC-R improved by 24% wheratea
of the flexural reinforcing bars was increased By In addition, the ultimate lateral drift ratits@a improved by 22%
on average. The more flexural reinforcing barsdesihe PC U-shell tended to have contributed tostlitness and
strength degradation.

(5) In specimen PC-S, anchorage measures (stirusps)to colligate the flexural reinforcing barsidte the U-shell
and the PC beam bottom longitudinal rebars togetiene demonstrated to be effective in enhancingethergy
dissipation capacity, as well as mitigating themsgth degradation.

(6) The simplified mechanical model with the beapiding mechanism was consistent with the crackidigtions,
failure pattern, strains of the reinforcing bard aoncrete. In the five specimens, the theoreki@ad-carrying capacities

based on the simplified mechanical models were istarg with the test results but slightly undemestie by
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approximately 9.5%-14%. This underestimation was uthe exclusion of the constructional reinforeairat the top
of PC composite beams and the contribution of deroesimplify the calculation.

The test results suggest that from the seismiopmence point of view, the side thickness of thecpst U-shell at
the beam ends should be smaller to ensure theclmaging capacity and improve the integrity of %€ connections.
On the other hand, sufficient side thickness ofR&U-shell is required for the assembly constouctn site. Hence,
there is a scope for optimization of the design€dURshell in terms of the length, thickness, insSdeface and stirrups
in order to achieve both good constructability aatisfactory seismic performance. Furthermore, ecoa performance
between the PC connections and CIP connectionddshewcompared and analyzed in the future.

The details of the self-sustaining beam-column ections in PC frames are on course to be adopti iGhinese
code for the design of precast concrete structéieher study should look into possible measuoeshhancing the
integrity between the U-shell PC beam and the icaptace joint, thus avoiding large gap-openinghet beam ends.
Extended experimental studies are also recommetiodealver a wider range of parameter variation f@cpst concrete
frames with self-sustaining beam-column connecttorfally estimate the seismic behaviour of thddiing and increase

the application in moderate- and high-seismic negjio
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