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Engineering, Southeast University, Nanjing 210@6ina.
2. Institute for Infrastructure and Environmenth8&al of Engineering, The University of Edinburgldiiburgh
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Abstract

Prefabricated reinforced concrete (RC) column-to-fodiotlaconnections are typically located at the caiti
region of the columns and are subjected to a caatibim of large compression and bending deformatioder
earthquake actions. The seismic behaviour of theseections affects the structural behaviour ofgseconcrete
frames as a whole. The prefabricated column-todation connections using grouted sleeves (PC-Spemded
corrugated ducts (PC-C) were two typical connestiddowever, up to now the researches of the seismic
performance of the two typical connections are fgaioncentrated on small-diameter reinforcing hessd in the
connections. The use of large-diameter high-strenginforcing bars in the large size precast colummas clear
advantages in precast structures as it helps ireih@/construction efficiency due to a reduced ramobconnected
longitudinal bars and less congestion of the reaifig bars. In this study, two full-scale prefabti&d column-
foundation assemblies with different connectiontrods, designated as PC-S and PC-C, respectivehyg alith
one cast-in-place reference specimen, were preparddiested under quasi-static cyclic loading. linttaee
specimens, large-diameter high-strength reinforbiags were adopted as the longitudinal reinforcéniére test
results showed that both types of connections @eklilsimilar strength as compared to the castd@wgkpecimen.
In specimen PC-S, buckling of the longitudinal bamsl rupture of stirrups at the top of the groudledves were
observed, and this led to lower ductility with altiriate lateral drift ratio of 4.5%. In specimen #C a more
pronounced pinching behaviour was observed aftateaal drift ratio of 2%, which was due to sigo#nt bond-
slip displacements of large-diameter high-strergtigitudinal bars in the overlap region. The thspecimens
exhibited different plastic hinge mechanisms atablemn bases as demonstrated from the measueddsstEns,
cracking patterns and failure modes. Based on Xperegnental results, further improvements of usiage-

diameter high-strength reinforcing bars in the twpes of prefabricated column-to-foundation conioest are
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recommended.
Keywords: full-scak experiment column-to-foundation connectipgrouted sleevegyrouted corrugated ducts
seismic performancelastic hinge mechanism.
1. Introduction

Traditional cast-in-place construction is known lie associated with excessive manual labour, poor
construction conditions, environmental impact amdlese waste of resources, thus great importanceobais
attached to the industrialization of new buildireghnologies based on precast concrete [1-2]. Riefadd
components are clearly advantageous in terms oidatdisation and quality control. However, the s
performance of a precast concrete structure iméabg governed by the properties of the connetdibetween
various prefabricated unif8-5]. Therefore, improvement of the connection loels is the key to ensuring a
desirable seismic performance of precast conctetetsres.

In a multi-storey precast reinforced concrete (R@)ne structure, as shown in Figure 1, the coluoan-t
foundation connections play a critical role in detiming the performance of the entire structuren¢te the design
of these connections becomes a crucial task [&qlally important is the understanding of the acteésmic
behaviour of a particular type of connections inmie of the strength, stiffness, ductility, enerdysgpation and
failure mod€g8-10]. The failure patterns of PC column-to-foutiola connections after earthquake were presented

in Fig. 26 in the reference 8, and Fig. 6 and thereference 9.

Figure 1 Multi-storey precast reinforced concreikimns

According to the ACI Standard 550.1 [11-12], twiietient kinds of the connections between the prifated
units are defined based on their behaviour in coimpawith their cast-in-place counterparts, nantiedyemulative

connections and ductility connections. The emutattennections can behave in close match to the littioo



connections. Thus, the conventional design metlgikd and standards developed for cast-in-plac®)(Cl
reinforced concrete structures may be appropriatehis type of precast reinforced concrete stmectuith a
minimal modification. The emulative connections ééeen well accepted and are widely used in precastete
structures [1, 13].

Various column-to-foundation connections with laggmars, welded splice, bolting coupling or mechalnic
splice have been proposed to obtain the equivaeribrmance with the CIP concrete structures [14-Ifie
grouted sleeve connections and grouted corrugatetiocdnnections are two typical and effective apphes for
the connections between the precast columns amdifdions [7, 18-20]. Both of these connectionsadse known
as “wet connections” because of the grouting pmahksing the construction period. The research eisnsc
performance of the two types of connections witlalsaiameter reinforcing bars has been conductednbyy
previous researchers.

The grouted sleeve is a typical grouted mechardoapler that can provide continuity of reinforcemen
between prefabricated units to develop the fultrggth of the deformed bars [21]. In general, tleugpd sleeves
are made of steel and filled with grouting mateaifiér the insertion of the reinforced bars. Theugng material
is usually of high strength, non-shrinking, anddts with the ribs on the interior surface of tleeges to provide
enhanced bond strength between the grout and slagweell as the lateral confinement to the rerédrbars. In
this way, an efficient transfer of the axial foloetween the discontinued bars in different pretatbeid units is
realized. Since the invention of grouted sleeveheanl960s [22-23], various kinds of sleeves fpidal reinforcing
bars with different mechanical configurations aneometries have been developed, and their mechanical
performances have been evaluated through expesifi2zdn24-27]. With an adequate embedded length i, tlae
grouted sleeve splices can achieve a tension $trexmgnparable or exceeding that of the connectesl Géis
enables a preferred failure mode of the connectwitis bar fracture outside the sleeves. Howeves, ldwer
deformation capacities of the grouted sleeve splee also been confirmed by many researchersf28humber
of experimental studies which have been carriedmimvestigate the seismic performance of coluoifetindation
connection with grouted sleeves [29-31], the testiits showed that this type of connection exhibitemparable
strength but lower energy dissipation capacity, dowtiffness and poor ductility as compared wite BIP
counterparts. Moreover, the location and lengtthefplastic hinge and failure mode were differgabt the CIP

connections. Due to high the requirement of theug sleeves and grouting materials, the resedyohtahe
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seismic performance of using high-strength largevditer reinforcing bars in this kind of connectigas rare. The
experimental study conducted by Zhang et al. [Bib&ed that the diameter of the longitudinal reiofiog bars
with almost the same reinforcement ratio useder@ column-to-foundation connections has no saamnt impact
on the connections’ seismic performance, includimgteresis behavior, load-carrying capacity andrggne
dissipation capacity, etc. However, the seismid¢goerance of the PC column-to-foundation connectwas not
compared with the cast-in-place specimens.

The grouted corrugated duct splices representtamative solution in connecting prefabricated st the
seismic region, and it has been used in precastretnshear wall and precast concrete bridge caUBi36].
These connections are designed to cater to noma@olap splices of the longitudinal bars. In a gbeicated
column-to-foundation connection, the bars protrgdiom the foundation are inserted into the cortedalucts
encased in the precast columns. Then, the coraiglaiets are filled with the high strength groutmgterial. The
confinement provided by grouted corrugated ducid high strength grout material prevent bucklingtioé
longitudinal bars and increase the bond strengtivden the grout and bars [37]. As a result, theatdpento the
precast concrete column-to-foundation connectiolodalized to the column base, making a post-seisepair
simpler as compared with traditional connectiortse Experimental study conducted by Popa et al. §hdjved
that this kind of connection exhibited energy giation and seismic performance similar to the GRnections
when typical reinforcing bars were used in the Bloron-to-foundation connections. According to Bellend Riva
[18] and Metelli et al. [38], the grouted corrughthict connection with partly unbonded typical bavald achieve
further improved ultimate rotation capacity andueell reinforcement tension strain. The groutedugaied duct
splices have also been used in the precast regtdfaroncrete column-to-column connections [39-40hieving
effective transfer of the axial strength along $péce region. As for now, the experimental reseatsout using
large-diameter high-strength rebar in the PC-C eotions is rare due to the higher anchorage regeinés, the
occurrence of bond-slip and longer overlapping tlerod the reinforcing bars.

To summarise, for both connections, the slip defdion and large gap-opening between the precasincol
and foundation were unacceptable and could resthi failure of connections. For the PC-S conpestithe rebar
pull-out of the sleeves, fracture of rebars anditgo sleeves, severe local concrete crush at thenacdbase were
failure modes typically observed in PC structuifes. the PC-C connections, the severe bond-slip dmivihe

longitudinal reinforcing bars and concrete/groutingd fracture of starter rebars protruded fromfthumdation
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were the typical failure modes.

For now, reinforcing bars with the specified yielglength of 400 Mpa or lower were usually usedhas t
longitudinal bars in the PC structures, which cduédalso named as the “typical” reinforcing rebgrs. large size
precast columns, using large-diameter (diametB2& mm) and high-strength (specific yielding strelsS00 Mpa)
reinforcing bars has the advantages of high coctsbru efficiency due to a reduced number of corekct
longitudinal bars, larger spacing and hence lesge&stion of the reinforcing bars. However, limitatbrmation
about the seismic performance of such precast etncolumn-to-foundation connections can be foumthée
current literature [31]. There has been no expdjuitlelines on any special requirements of thetgsleeves and
the grouted corrugate ducts with such reinforcemamd the current design was simply extrapolatedfthe
requirements for the regular type of reinforcem@ierefore examining the actual performance ofgtmited
sleeves with high-strength large-diameter reinfggdars, as well as the overlapping length of oegihg bars and
the property of grouted corrugate ducts was dedmbd an important task and this has become aigighh the
present study. This paper presents an experimstoi@dy on two full-scale precast concrete columistadation
connection assemblies with grouted sleeves andeagtarorrugated ducts, along with a CIP refereneeiagen.
Reinforcing bars with diameter of 28 mm and spedifyield strength of 500 MPa were used as the todigial
bars in the precast columns. In the PC-C connegititie spiral stirrups are proposed to bound thgitodinal bars
and the corrugated ducts together, increasingdhdibhg strength (also using the high strength mpbatween the
longitudinal bars and the starter bars and shartgetiie lapping length of reinforcing bars. Crackpagtern and
failure mode, load-carrying capacity, stiffness atr@ngth degradation, ductility, strain distriloutiof steel bars,
energy dissipation capacity of the two kinds ofreaetions are analysed to investigate the seisnmfonpeance of
the two precast specimens and compare with theerefe CIP specimen. Based on testing results, stigge for
ensuring the performance of precast concrete celorfioundation connections are recommended.

2. Description of test specimens

Three test specimens, including one prefabricatddnm-to-foundation connection with grouted sleeve
(denoted specimen PC-S), one prefabricated colorfioundation connection with grouted corrugatedtsiuc
(denoted specimen PC-C) and one cast-in-place eotlefined as the reference specimen CIP were dabigind

tested under quasi-static cyclic loading.



2.1 Test specimen design

All three specimens were designed based on a presiaforced concrete moment-resisting frame stmect
The actual project was a 4-storey building (locate@hangzhou, Jiangsu province, China), in whinghtivo levels
at the bottom were used as an exhibition centre tla@ two levels in the top were designed as thieeofooms.
Therefore, the storey heights of the first and sddioors were 6 and 4.5 metres, respectivelyhéndonsidered
response spectra, the frequent earthquake wastasigbsign the building, including the size of themims and
columns cross-sections, the span of beam and cdhaight, reinforcement ratio, the spacing of sfiguetc. The
peak ground acceleration (PGA) was 0.15 g.

The length of the three columns is 2900 mm, appneking the lower half of the ground storey coluniftse
cross section of the columns was 600 m00 mm. The three specimens had the same reinferdedetails,
including longitudinal bars and stirrups, except tionnections at the bottoms of the columns. Tihgitodinal bars
of the columns included 8D28 mm and 2D25 mm, givdnginforcement area of 5908 rhamd reinforcement ratio
of 1.64%. Figure 2 shows the configurations andfoecement details of the specimens. It is notedlitie effective
depth of specimens PC-S and PC-C was reduced ipartson with the specimen CIP, and this was dwhifting
of the longitudinal bars and starter bars towalgscentre of the cross-section to accommodatedineection, as
shown in Figures 2(d) and (e).

In order to enhance the critical regions, the Wotjmart of the columns over a length of 1200 mm was
strengthened with dense stirrups, which was twiealepth of the column section. The dense stinugre required
due to the larger deformation and severe damage timeler earthquake, which was also required bgr@hismic
design codes for buildings [41]. At the upper @the columns, 100-mm spaced stirrups were aled tesfacilitate
the application of the lateral and vertical loau=sré without local damage. The thickness of theia cover was

25 mm for all three specimens.
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Figure 2 Configurations and reinforcement detdilest specimens (Dimension in mm)

2.2 Details of connections

The connection details at the column bases of spts PC-S and PC-C are illustrated in Figure §pétimen
PC-S, the grouted sleeve with mechanical threadvastembedded in the precast column. The lendtieafrouted
sleeve was 295 mm, and the outer diameter and dliaereters were 58 mm and 46 mm, respectively.prae
prepared external threads of the longitudinal b@atched the inner threads in the grouted sleevktlay were

fitted as a whole at the bottom of the column. TBmgth of the starter bars protruding from the fdation was 280



mm, equal to the sum of the thickness of the begdinrtar (25 mm) and the insertion length of ttetst bars
(245 mm).

In specimen PC-C, the grouted corrugated ducts called corrugated steel sleeves, were the galedrsteel
ducts with corrugated surface as commonly useddastgessed concrete for bonded post-tensioninigpisrstudy;,
the outer diameter of the grouted corrugated duats75 mm, and the thickness was 4.5 mm. The latigél bars
and the corrugated ducts were bound together Wéhspiral stirrups before casting concrete. Thgtkewnf the
corrugated ducts was 700 mm, which is 25 timesdthmeter of the reinforced bars. The diameter efgpiral
stirrups was 8 mm with the same length of groutedugjated ducts.

Different grouting materials were chosen for grougkeeves and grouted corrugated ducts in accoedaitic
the required confinement and bond-stress of thieestiaars inside. The grouting material A for gexlisleeves had
higher compressive strength than the grouting nei@rdue to the shorter anchorage length. Thebgdyeen the
precast column and foundation was filled by beddimgytar with a thickness of 25 mm. The diametethaf
longitudinal bars was 28 mm with a specified yistdength of 500 MPa, enabling a reduced numbehef t
reinforcing bars in the column cross section. Fathtspecimens PC-S and PC-C, the locations ofthgitlidinal
bars, the grouted sleeves, the grouted corrugatets éind the starter bars protruding from the fatiod were
secured precisely during the production of stegéand casting concrete.

For the reference specimen CIP, continuous lonigiaddars were used from the bottom of the fourmatd

the top of the column.

600 600
N S
4% 4%
4D28 4D28

Grouted sleeve

5] Grouted duct
Ls =295 mm Spiral stirrup ||}

Lb =700 mm

|}l Bedding mortar
25 mm

Bedding mortar
25 mm

A HEi A B

Foundation Foundation

(a) Specimen PC-S (b) Specimen PC-C

Figure 3 Details of connections (dimensions in mm)



3. Fabrication of thetest specimens

The concrete was cast after the reinforcement eae produced. For specimens PC-S and PC-C, there
specimens were made in two phasksfirst being the fabrication of the prefabricated components, and the second
being the assembly construction.

3.1 Prefabricated components

The prefabricated components and specimen CIP mwade in a prefabrication factory. Special attentias
paid in the preparation of the reinforcement cagfebie two precast columns and the foundationss@alty the
positioning of the connection units.

The sleeves used in specimen PC-S had a corruigatdsurface and were suitable for reinforcingshaith
a large diameter of 28 mm. The sleeves were fitigte longitudinal bars through the threaded cotioes at the
bottom of the column and fixed on the template teraply before casting the concrete, as shown gui 4(a).
Two PVC tubes were connected to the sleeve pricasting the concrete, to facilitate the entramuk\aent for
grouting of the sleeve.

The corrugated ducts in specimen PC-C were patallitle longitudinal reinforcement and they wererixb
together with the spiral stirrups, as shown in Fgd(b). Each grouted corrugated duct was pre-peep® have
an entrance for grout at the bottom and a vergraut at the top. Furthermore, the top end of toeitgd corrugated
ducts was blocked with foam and tape to preventiegea from entering its interior.

The two foundations were cast leaving 8D28 and 28dBer bars protruding from the foundation wiib t
length illustrated in Figure 3. These bars weréhared by welding on the reinforcement cage at tioin of the
foundation, as shown in Figure 4(c). Electricahisirgauges with the size of 1x2 mm were instaliedhe grouted
sleeves, longitudinal bars, starter bars insidefdbedation and stirrups before casting concretawvéver, there
were no strain gauges on the starter bars insgrtedhe grouted sleeves and grouted corrugatets diecavoid

weakening of the bonding condition with the surming grouting mortar.
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(a) PC-S column (b)PC-C Column (¢) Foundation

Figure 4 Prefabricated columns and foundations prior to concreting
3.2 Assembly construction

Two precast columns and foundations were transported to the laboratory after the concrete strength met the
requirements. The assembly construction of the prefabricated components was carried out in the laboratory, as
shown in Figure 5. Take specimen PC-C for an example, the main steps and main points of technology during
assembly construction process are summarised as follows.

Step 1-2: The protruding grouted corrugated ducts and PVC tube were cut along the bottom surface of the
column. Then, the bottom surface of the column and the corresponding area on the foundation were roughened and
cleaned, as shown in Figure 5(a) and (b). This treatment was a beneficial for the adhesion strength between the non-
shrink mortar and the precast concrete, ensuring integration of the precast column and foundation. During the
fabrication and transportation, the starter bars had a slight bending deformation and they were straightened before
the next step.

Step 3-4: The precast column was lifted vertically and installed on the foundation by accurately inserting the
starter bars into the grouted corrugated ducts, as shown in Figure 5(c). A gap of 25 mm was provided between the
column and foundation by using a crane and temporary support. Later, the gap was sealed by the early strength non-
shrink mortar, as shown in Figure 5(d).

Step 5: After the compressive strength of the bedding mortar met the requirement, the corrugated ducts were
grouted with the ready-to-mix grouting material B through a manual grout pump. The grouting material B was
mixed with an electric mixer for 5 minutes to obtain good flowability. Then, in one hour, the grouting material was

injected into the corrugated ducts through the entrance for grout at the bottom of the column. The grouting mortar
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went up against gravity, and the injection was not stopped until the grouting material came out from the vent for
grout, as shown in Figure 5(e). The tubes connected with the entrance for grout was closed after grouting, while the
tubes at the top remained open until the grouting material became hardened. Special attention was paid during the
grouting process and for the grouting effect, which had a deciding influence on the property of the lap-spliced joint.

The assembly construction process of specimen PC-S was similar to the specimen PC-C. The difference in the
construction process between the specimen PC-S and PC-C was mainly in step 5. After the bedding mortar became
hardened, another type of proprietary high-strength non-shrinkage and ready-to-mix grout (grouting material A)
was used to post-grout the sleeves. Due to its characteristics of high strength, rapid solidification, and poor fluidity,
about 10 kg grouting material (the amount for 2 grouted sleeves) each time was mixed with an electric mixer for
about 10 minutes, and grouted in half an hour. After that, the grout was injected through the inlet tubes into the

grouted sleeves. All the tubes exposed from the columns were trimmed off before the test.

Figure 5 Assembly construction of specimen PC-C

3.3 Material properties

Hot rolled steel bars (HRB500) were used for longitudinal reinforcement in the columns, as well as the starter
bars protruding from the foundation. These steel bars had a specified yield strength of 500 MPa. Hot rolled steel
bars (HRB400) with the specified yield strength of 400 MPa were used for stirrups in columns. Tension tests of the
samples representing all types of reinforced bars were conducted. Mechanical properties of the reinforcing bars,
including yield strength, ultimate strength and elasticity modulus are summarized in Table 1.

Table 1 Properties of reinforcing steel bars
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Diameter (mm) D28 D25 D10 D8

Area (mn?) 616 491 79 50
Yield strength (MPa) 546 554 519 524
Ultimate strength (MPa) 712 716 618 635
Elasticity modulus (GPa) 212 208 202 207
o Longitudinal  Longitudinal
Application Stirrups ~ Spiral stirrups
bars bars

Ready-mixed C40 grade concrete was used for theirspe CIP and the prefabricated components of
specimens PC-S and PC-C. The concrete had a 28pdaified cube compressive strength of 40 MPa. el hE®
mm concrete cubes for each specimen were mouldiba asamples to be tested in compression. Thegeeedues
of the compressive strength of the concrete we MiPa (Table 2). Two different kinds of grouting teréals and
the bedding mortar were used during the asseminigtagction of the two PC specimens. Both groutiregemals
were non-shrinking high-strength mortar, havinghhftpw characteristics. The grouting material A fimouted
sleeves was with a maximum aggregate size of 2.4wimhe the maximum aggregate size of grouting neit&
for grouted corrugated ducts was 2.7 mm. The colbepeessive strengths of the two types of groutiragemnials
and the bedding mortar for 1 day, 3 days and 28 dag listed in Table 2. The strength of the bagldnortar and
two kinds of grouting materials were appropriatecading to the related specifications and previexygerimental
studies [12, 16, 18].

Table 2 Properties of concrete and grouting mdseria

Cube compressive Grouting Grouting .
Concrete ) ) Bedding mortar
strength (MPa) materials A materials B

1 Day -- 37.5 26.5 24.3

3 Days -- 62.3 55.8 42.4

28 Days 42.2 105.5 71.2 58.5
o Column/ Grouted Between column

Application _ Grouted sleeves _

foundation corrugated ducts  and foundation

3.4 Grouted sleeve splice properties

Before applying the grouted sleeves in the PC coltorfoundation connections, the mechanical préiese
of the grouted sleeve splices should be investigtteough experimental studies due to the higheéiopaance
requirements of larger-diameter high-strength meirihg bars. Tests on grouted sleeve splices spesimere
carried out using Hydraulic Materials Test SystéiT §). The variation of distance between these iwinifes for

reinforcing bars was taken as elongation of grogtedves splices placed between two fixtures asclsarce the
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elongation of rebars in anchor parts was negligible. The elongation and load of the grouted sleeve splices
measurements started as soon as loading was applied, and recorded by the control computer until the specimen
failed.

Considering that the grouted sleeve splices are used at the column base and under cyclic loading during
earthquakes, the designed loading schemes include three kinds: incremental tensile, cyclic loading at high stress
(90% of specified yield stress) and cyclic loading at large strain [42]. The test specimens and the test setup are
shown in Figure 6. The length of the tested grouted sleeve splices was 415 mm, and the length of the tested rebar
was 500 mm. Two different failure patterns were observed in the four specimens, namely bar fracture at the thread
ends and inside the sleeves. The unsatisfactory failure modes of the grouted sleeve splices, including reinforcing
bar pull-out of sleeves and fracture of sleeves, etc., did not occur under the three designed loading schemes. The
load-displacement relationships of the splices and comparisons with the rebar are shown in Figure 7. The grouted
sleeve splices achieved a competitive strength but poor deformability compared with the reinforced bars (refer to
the red line, representing the response of reinforcing bars under incremental tensile). The failure patterns and testing
results demonstrated the acceptable property of the grouted sleeve splices because the tensile deformation of grouted

sleeve splices at the bottom was small.

Reaction frarme

Actuator
Specimen
Le=60 mm
_ [
L=415 mm L=295mm ‘
Lb=60 mm

Figure 6. Test setup for grouted sleeve splices

500 500
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—— Grouted sleeve splice 1 0
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(a) Incremental tensile (b) Cyclic loading at high stress
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Figure 7 Load-displacement relationships of theetespecimens

4 Test setup and loading procedure

The test setup is illustrated in Figure 8 and Feg@r The end condition at the top of the test speciwas
basically a lateral sliding pin support, while dXi@ad is applied vertically. This was intendedsimulate the
response of the ground storey column of the prpfyame under earthquake lateral loading, whem&radlexure
usually develops around the mid-height of the caolufhe net length of the column, which means tepldcement
between the loading point to the top of the foultatvas 2500 mm. The foundation was anchored tipostrong
floor in the laboratory. Lateral load was appligdusing one hydraulic actuator with 500 mm maxinmatroke and
+ 1000 kN loading capacity. The applied laterabl@ad displacement at the top of the column werasomed by
a load cell of 1000 kN and a LVDT (linear variabifferential transformer) of 500mm, respectivelyn€L VDT of
50 mm was installed at the bottom of the foundatiiocheck whether the lateral displacement remazeea during
the whole process of testing. A few more LVDTs wesed to measure the rotation of the connectiolmmegnd
lateral displacements at selected locations, asrsihoFigure 8. Six D15.2 steel strands and two Bd@w-thread
steel bars were used to apply a vertical load dDI8N at the top of the column. The jack and loaltlaf two D40
screw-thread steel bars remained in place to aggitinmonitor and adjust the vertical load durihg test, since
the force level was prone to change as the specitemmed. Although the vertical load applied oe golumn
could be generally considered to maintain consiEm. magnitude of the vertical load was selectedbtain an
axial load ratio (defined a¥/f:Ac) of 0.22. This level of axial compressive stressdancrete is common for columns
of multi-storey office buildings.

A trial displacement of 2 mm and load of 20 kN wapplied once to check the operating conditionthef

hydraulic actuator and the data acquisition systefiore applying the formal cyclic loading. Thene tlateral
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reverse cyclic loading was applied. Figure 10 shtivesloading protocol, which was controlled by emental

stages of displacement at lateral drift ratios.868, 0.5%, 0.75%, 1%, 1.5%, 2%, and so forth. Bei184s lateral
drift ratio, the applied lateral drift ratio washeased by 0.25%. After that, the increment wasechto 0.5% until
the failure of the specimens. Each displacemem s performed with three cycles to ensure thblestcrack
propagation of the specimens. This testing protaes consistent with the recommendations of ACIBRIL3 [43]

and FEMA-461 [44]. The loading was paused at thie adfrthe last cycle of each level to mark the csagk the
specimens, measure the width and length of crauksexord the observations. The tests were terednahen the
applied load was reduced to 80% of the maximunndhtead, at which point the specimen was consilezehave
reached the ultimate state and failed. All dateluiging loads, displacement and strains, were c@lteby a static-

data acquisition system at a sampling frequen®/®Hz.
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Figure 9 Photograph of the test setup
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Figure 10 Loading protocol

5. General behaviour of test specimens
5.1 Lateral load-ratio relationships

The lateral load-displacement (drift ratio) relasbips of the three specimens are shown in Figl(a 1o (c).
The drift ratio was calculated by dividing the lafledisplacement at the loading point by the negliteof the
column, which is 2500 mm. The yield lateral refig yield strengttPy, maximum strengtPma, the corresponding
drift ratio 4, the ultimate drift ratio (at 80% reduction of tlead)4,, and the ductilitys of the specimens in both
positive and negative directions are summarizetiaisle 3. The yield displacemed} was defined by using the
equal energy principle based on the envelopessitéhssis loops. The ductility (=44/4,) was defined as the ratio

of maximum displacement, to yield displacement,.

600 T T T T 600 T T T T
| —— Specimen PC-S || Pmex1=466.10kN —— Specimen PC-C || Pm=a=483.75kN,
400 ————————Py1=399:99kN - e/ 400 Py=417.88kN [ 7 .
S 200 . Z 2004
= 2uw=451%  Ay2=1.48% | g 3 Aw=551%  Ay2=1.40% | LT
E ol /V E ol l Am2=3.01%
= ///// 2 mi=3.01% = ‘ am=351% |
o W& 1=139% 4u=451% o ! W £ 1=1.42% 2 u=551%
& 2004 - e 8 2004 R— BT
® T |
- -
|
-400 - e -400 - o - .
‘ - - { Py2=465.40kN
~---1{Pp=s05.85kN | 1 | <EEegppy” 1 ‘
6004 R 4P o=58BA0KN 600 T T Pmae=546.90kN |
; ; ; ; ; ; ; ;
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Lateral drift ratio (%) Lateral drift ratio (%)
(a) Specimen PC-S (b) Specimen PC-C

16



600 T

600
— Specimen CIPI ””” e e = =~ =
400+ Pmate o= N2 J w0 Egi /,/é : H 4
_ ——CIP
Z 2004 g 200 - — .
é 2001 | / ’ Ay=1169 2UTO51% | g 200 o N
= Z /i ‘ ‘ S
400 | )| ] 7108 NS N I S . S S—
/ -1 Py2=500.39kN ! °\o\.;‘;.;./.;‘/ : :
-600 - Prmax2=587:00KN - 6004 “aAagoa-a I N |
T 5 4 2 o 2 a4 s
Lateral drift ratio (%) Lateral drift ratio (%)
(c) Specimen CIP (d) Envelope curves
Figure 11 Lateral load - displacement (drift ratielationships of test specimens
Table 3 Summary of test results
specimen P A4 06)  PyKN)  A0(6)  Peac(kN) A4 (%)
ecimen
direction 4 (% Y ’ e ’ #
positive 1.39 400.0 3.0 466.1 4.5 3.24
PC-S
negative -1.48 -505.9 -3.5 -588.4 -4.5 3.04
positive 1.42 417.9 3.5 483.8 5.5 3.89
PC-C
negative -1.40 -465.4 -3.0 -546.9 -5.5 3.92
positive 1.16 416.6 25 485.1 5.5 4.75
CIP
negative -1.50 -500.4 -3.0 -587.0 -5.5 3.68

The hysteresis loops were asymmetrical in poséive negative directions due to the previous dardagag
the positive loading process, as well as usuaidation inaccuracies. The usual fabrication inaacias refer to
such inaccuracies as the thickness of the concoater, location of the longitudinal reinforcing baand so on.
These inaccuracies are deemed to be unavoidablegdtire fabrication and assembly construction of PC
components, as well as in the cast-in-place specidecording to the test results of others [12, 18], the
asymmetrical hysteresis loops were mainly causetthdyprevious damage in the opposite loading dinest The
influence of the “usual fabrication inaccuracieg’tbhe asymmetrical hysteresis loops was relatiseigll.

In the specimen PC-S, yielding of the column ocadiiat 1.39% and 1.48% lateral drift ratios in theifive
and negative directions, respectively. The speciP€rC yielded at the 1.42% and 1.40% lateral ratiothe
positive and negative directions, respectively, auhwere similar to the values obtained for specirR€iS.

However, yielding of the specimen CIP occurredieaih the positive direction at a 1.16% lateraftdatio. Both
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specimens PC-S and PC-C achieved a comparabletwadng capacity with the specimen CIP, as shawkigure
11(d).

Specimen PC-C with grouted corrugated duct achieveithilar ultimate lateral drift ratios as speamnt@P
at 5.5%, in both the positive and negative dirersidHowever, the ultimate lateral drift ratio oétspecimen PC-S
was lower at 4.5%. From the monitoring of the daenpigrcess, the reduction in the ultimate drift céyan PC-
S was attributed to the buckling of the longitudlimars above the grouted sleeves and rupture dititiaps there.
The hysteresis loops of specimen PC-C showed mmmeopnced pinching than the specimens PC-S and CIP,
indicating a more significant bond-slip effect einforcing bars and less energy dissipation atctiiemn base.
However, the specimen PC-S exhibited very similgtéresis loops as specimen CIP until a the 4%alattift
ratio was reached.

5.2 Crack patternsand failure modes

The three specimens show distinctly different crpakkerns and failure modes, as shown in FigureTha.
damage was concentrated at the bottom part ofaluennis with different lengths, indicating differgiastic hinge
mechanisms in the three specimens.

In both specimens PC-S and PC-C, the first crappeared symmetrically at the bedding mortar betviken
column and foundation when the lateral drift ragached 0.25%. In specimen PC-S, the cracks deactlagross
the whole section height at the column base, s@pgrhe column from the foundation when the dutio reached
0.5%. This phenomenon also appeared in specime@ BCthe first cycle of 0.75% drift ratio. Crushinfthe
bedding mortar occurred at the two corners atdhen base later. Thereafter, the gap-opening sthg between
the column and foundation continued and widenethduhe subsequent loading procedure.

As shown in Figure 12(a), the damages were locatethe bottom of the column within a height of
approximately 900 mm in specimen PC-S. The fimtgwverse crack with the length of 250 mm was notatea
height of 300 mm on the column, just at the tophefgrouted sleeves. The transverse crack devekreds the
whole section height at a 0.75% drift ratio, anelwidth increased with the increase of the lateriftl ratio. At the
same time, several transverse cracks were foumdihvatheight of 410 mm to 950 mm on the columneAét lateral
drift ratio of 1.5%, several local vertical cradkemed at the two corners at the column base ucol@pression,
then extended upward and widened quickly. At ardhigrift ratio of 3.5%, large pieces of concrepalted at and

above the position of the grouted sleeves, reguitirthe exposure of the grouted sleeves and gsiriit the first
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cycle of 4% lateral drift ratio, severe bucklingtbé longitudinal bars at the top of the grouteseés resulted in
the rupture of stirrups and crushing of concretthiatlocation. Subsequently, the load-carryingacily dropped
quickly during the three cycles at the 4.5% latelrdt ratio, indicating severe damage accumulatoning this
period, leading to the failure of the specimen.sThiilure mode was attributed to the abrupt chaofglateral
stiffness at a height of 300 mm from the columrebapparently due to the stiffness and strengtlriboition of
the grouted sleeves. This failure mode also inditdhat more large-diameter stirrups above theveteeould
prevent the buckling of reinforcing bars there, ethivas benefit in achieving a larger ultimate ktdrift ratio and
improving the seismic behaviour of the connectiéiihin the height of the grouted sleeves at thiédno of the
column, the concrete crush was not serious.

Unlike the specimens PC-S and CIP, spalling of dbecrete cover in specimen PC-C was limited and
concentrated within the height of approximately 25én at the column base. Meanwhile, the longitudinal
reinforcement was not exposed, and buckling didocour. At a lateral drift ratio of 0.5%, two hasiztal cracks
were observed at the top of the grouted corrugadets with a length of 320 mm and 250 mm in thdtpesand
negative direction, respectively. At a lateral drétio of 1%, diagonal shear cracks formed ana tieveloped.
However, the width of the diagonal shear crackspiecimen PC-C was smaller than the width of thgatfial shear
cracks in specimens PC-S and CIP. The gap-opemitvgebn column and foundation was larger and itheda
width of approximately 20 mm at 3% lateral driftioa During the next level of loading, local corterecrush
occurred at both corners, and the spiral stirrupevexposed over a height of approximately 120 ritmeacolumn
base. Distributed transverse cracks occurred dalmngolumn over a height of approximately 950 mantistg from
a lateral drift ratio of 0.25%. However, these &sadeveloped slowly and closed after unloading,thigcould be
explained by the increased amount of the longiidimeinforcement due to overlapping. Combined wiith
contribution of spiral stirrups and the mortar desthe grouted corrugated ducts, the cross-sestiffiness at the
bottom region was much larger than the cross-sestiffness above the grouted corrugated ductseMar, the
pinching of the hysteretic loops indicated a sevened slip between the longitudinal bars and thecete around
the grouted corrugated ducts.

The specimen CIP showed a different failure modeoagpared with specimens PC-S and PC-C. The spallin
of the concrete cover occurred over a height of@@®at the bottom of the column at a lateral datfio of 2.5%.

The height of the spalling region is essentially §ame as the width of the column. Buckling ofldrgitudinal
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bars was observed at a lateral drift ratio of just 2%, as shown in Figure 12(c).

(c) Specimen CIP

Figure 12 Crack patterns and failure modes
5.3 Strain of reinforcement
Figure 13 and 14 show the measured strains in the key parts of the reinforcement in the three specimens,
including longitudinal bars, starter bars, stirrups and spiral stirrups. The lateral displacement plotted in the x-axes
in all the plots in Fig. 14 was the applied lateral displacement at the loading point of the column (foundation lateral
displacement remained zero). In each plot, the vertical blue dotted line and number represented the applied lateral

drift ratio at the top of the column. The reference height of 0 mm was set at the interface between the foundation
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and the column in Figure 2. The yield strain rarfgggture strain and deformation of the reinforcbags and the
grouted sleeves can be calculated through the gieébs and elastic modulus obtained from therésstlts of
samples, as shown in Figure 7 and Table 2. For pbeartie yield strain of the HRB500 D28 reinforciveay can be
calculated by dividing yield strength (546 Mpa)digsticity modulus (212 GPa), which is about 0.Z&&out 2500
ME). The three specimens exhibited marked differeimctiee strain distributions of the reinforcemergpebnstrating
different plastic hinge mechanisms.

In specimen PC-S, the grouted sleeves remaineticalaoughout the whole loading process. Howethes,
longitudinal bars yielded with over a length of eppmately 500 mm above the grouted sleeves ateaalladrift
ratio of 2%. The longitudinal bars at the heigh650 mm from the column base developed both largepression
plastic strain and tensile plastic strains at er#dtdrift ratio of 4%. The peak strain of thersiir at a height of 250
mm was beyond 4500 at a lateral drift ratio of 1%, and then the strdiopped abruptly, indicating the rupture
of the stirrups due to the large deformation th&he stirrup above the grouted sleeves yielded28st dateral drift
ratio and subsequently developed large tensilensifais indicated that the failure of the test@peen was partly
caused by the rupture of stirrups and more stiroup® required there. The strain distribution @& kbngitudinal
bars and stirrups was consistent with the failumenshown in Figure 14(a). The starter bar embeduelle
foundation developed large tensile plasticity doethte strain penetrations from the column and gsgming
between the column and foundation.

In specimen PC-C, the yielding of the longitudibats did not occur, while bond-slip deformationvizsn
the overlapping longitudinal bars within the gralitrict took place at an early stage, as showrgur€il4(b). The
peak strain of the longitudinal reinforcement wasslthan 200, and then a rapid decrease was observed. The
variation of the strain in the spiral stirrups witte lateral displacement also reflected the bdipdeetween the
longitudinal reinforcement and the concrete. Thesstin the starter bars protruding from the fotindavas not
completely transferred to the longitudinal barsolgrlapping, resulting in the pinching behaviouthia specimen
PC-C. Due to the overlapping of the reinforcingsbat the column bottom region above the beddingandhe
strain of the longitudinal reinforcement in thigji@n was reduced. The stirrups at the column biedded at a 2%
lateral drift ratio. The plasticity of the startears was concentrated near the bedding mortar.ddergthe concrete
crush was observed over a height of approximat@f/r8m at the column base, and transverse crackssatire

section height formed at a spacing of approximately mm above.
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For the specimen CIP, the plastic compressionnstiidiongitudinal bars reached 2009 at a 1% lateral drift
ratio at a height of 250 mm of the column, as shawFigure 14(c). Subsequently, the plastic stiaimeased with
the lateral displacement, and buckling of the baas observed accompanied by the spalling of theretacover.
The peak strain of the longitudinal bars at theyheof 550 mm was approximately 1506, so the longitudinal

bars there remained elastic during the test.
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(c) Measured strain in specimen CIP

Figure 14 Measured strain distribution
5.4 Different plastic hinge mechanisms

The linear moment distribution of the three specisneefore subjected to the reverse cyclic loadiag thie
same and is shown in Figure 15(a). The deformatistributions along the column of the tested speaisn as
deduced from the measurement of the strain of geinfg bars and observations at the column badebited
significant differences. Fig. 15(b) to (d) presém simplified deformation distribution, as well the curvature
distribution along the column of the tested speaisnédt should be noticed that the slopes of theslim different
colours (black, blue and red) represented diffecentature values. The area enclosed by thesedingshe bold
black line (column) indicated the deformation digition of the column. Based on the strain distitms of the
reinforcement and failure modes of the specimessudised above, different lengths of the plastigdsnof the
three specimens can be defined.

In the reference specimen CIP, the cross-sectiffnestsk; (for simplicity, the sectional stiffness here rsfe
to the cracked section stiffness) was a constamtgathe column, as shown in Figure 15(b). The pifstand
energy dissipation of the column caused by yieldihgeinforcement and local concrete crush wereentrated
within the length of 450 mm at the column base.

In specimen PC-S, the cross-section stiffiesgithin the height of the grouted sleeves was mader than

the stiffnesk; above the sleeves (more than two times), resuitige stiffness variation there, as shown in Fégu
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15(c). As a result, the local deformation tendedesmaller in the grouted sleeve region beforleliyig occurred.
This, compounded by the increased moment capacityei grouted sleeve region, resulted in the upwhifd of
the concentration plastic deformation to a heidghapproximately 300 mm above the column base gfedding.
With further increased lateral drift, buckling dfet longitudinal bars eventually occurred over teegth of
approximately 500 mm above the grouted sleevegietisas the rupture of stirrups above the sleelresll, the
presence of the grouted sleeves led to the developai the actual plastic hinge at this region a&bthwe grouted
sleeves. Therefore, the indicative curvature distion in specimen PC-S may be represented as simoligure
15(c).

In specimen PC-C, a shorter plastic hinge was chbgethe “doubled” (considering the rebar bond)slip
longitudinal reinforcement ratio by overlappingloé reinforcing bars in the grouted corrugated diiitt the length
of 700 mm at the column base, which also meangaiatiffnesks there. Inevitably, varying degree of slip of the
longitudinal bars overlapped in the grouted duculdcoccur, and this, combined with the gap-operanghe
column-foundation interface, resulted in a redueedrgy dissipation capacity of specimen PC-C. Tlastip
deformation was observed to concentrate at theraolase with a height of approximately 250 mm, Wwitould
be attributed to the compounded effect of the aatearrush, reinforced bar bond slip in the groatect, and large
gap-opening at the column base, as shown in Fipf@). The length of plastic hinges, the key infioe factors

on the plastic hinges and the failure modes arevanmed in Table 4.
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Figure 15 Schematic of moment and deformationidigtiion

Table 4 Plastic hinges of the test specimens

i Length of Key influence factors i
Specimen L o Failure modes
plastic hinges (mm) on the plastic hinges
1. Stiffness variation
2. Stirrups collapse
3. Buckling of longitudinal| Stirrup collapse;
PC-S 750 J J peotapse:
bars Buckling of longitudinal bars.
4. Gap opening
5. Concrete crush
1. Rebar bond-slip
PC-C 250 2. Overlap of reinforcing bars| Rebar bond-slip.
3. Gap-opening
1. Buckling of longitudinal ) L
Buckling of longitudinal bars;
CIP 450 bars
Concrete crush
2. Concrete crush

6. Cyclic performance indicator s of test specimens

6.1 Energy dissipation capacity

The energy dissipation behaviour is examined herteiims of energy dissipation per load cycle, energ
dissipation per load level, cumulative energy giason and the equivalent viscous damping ratiee €hergy
dissipation per load cycle is defined as the anedoeed by a load-displacement cycle, and the graisgipation
per load level is defined as the sum of the thoad-displacement cycles at a given displacemem.climulative
energy dissipation is evaluated as the total engigpypation up to a given draft ratio level. Thi@alent viscous

damping ratio is evaluated by the following form(d [45].
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Zeq - S(A|3c+cDA) )
27TS(OBE+ODF)

WhereSaec+cpa) denotes the area of the hysteresis lo&gse-opr) denotes the sum of the area of the two
right triangles OBE and ODF, as shown in Fig. 16(d)

The results of the above energy dissipation meadorethe three specimens are compared in Figurénl6
general, the energy dissipated in the first loadiygle was the largest among the three cycles given
displacement, as shown in Figure 16(a)., This esativibuted to the strength degradation and damegemulation
during the cyclic loading at a given load level.

The energy dissipation per load cycle, per loadllamd cumulative energy dissipation of specimebsSRand
PC-C were almost the same as specimen CIP beferatdral drift ratio of 3.5%. This was acceptafoleboth
connections for the PC structurékwever, the cumulative energy dissipation of speai PC-S was only 60% of
specimen CIP, caused by its early failure. Theigpat PC-C showed a markedly lower energy dissipatapacity
after the lateral drift ratio of 3.5%, which echdles increased pinching in the hysteretic loopshénlast three load
levels, i.e., 4.5%, 5%, and 5.5%, the energy digigip of specimen PC-C no longer increased andvissattributed
to the severe bond-slip between the reinforceddadsconcrete. At 5.5% drift ratio, the energy igston per load
level of specimen PC-C was only 55.5% of specimi @espite a similar load-carrying capacity betwte two
specimens. Finally, the cumulative energy dissiphtespecimen PC-C was 76.2% that of specimen @R2@.2%
larger than the cumulative energy dissipated bgismn PC-S, as shown in Figure 16(c).

The same conclusion can be drawn from the equitvaiscous damping ratio shown in Figure 16(d).
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Figure 16 Energy dissipation of the test specimens

6.2 Stiffness degradation

The stiffness degradation essentially reflectctimaulative damage of a structural element undsnseiload
and is an important factor for the evaluation & tverall response. The stiffness degradationuallysassessed
by the secant stiffness variation, called peakeakpstiffness, which is determined by the slopehef line
connecting the maximum load and the correspondisglatement points for both the positive and negati
directions in each load cycJé6]. The calculated secant stiffness values oftihee specimens are shown in Figure
17. All three specimens showed almost the samialisitiffness and stiffness degradation trend, tredsecant
stiffness decreased continuously with increasisgldcement due to the cumulative damage to thémpes under
reverse cyclic loading. The stiffness of all thedmens decreased more rapidly before until 1% whifo, after
that the decrease became more gradual. For spe€iiRethe stiffness degradation was due to theretacracking
and yielding of the reinforced bars. However, fpeamens PC-S and PC-C the gap-opening and beddingr
cracking were the main reasons for the early stifndegradation. The later gradual decrease stttant stiffness
of the three specimens was caused by the lossnaf &ibength, plastic deformation of reinforcemamd aoncrete

crushing.

27



45

PC-C—— CIP|

w
o
L

Stiffness (KN/mm)
&

Lateral drift ratio (%)

Figure 17 Stiffness degradation of test specimens
6.3 Strength degradation
The hysteresis loops in Figure 11 show that thength decreased during repeated cycles at the same
displacement level, and this was attributed to mkdnation of concrete crush, reinforced bar boi-ahd
reinforcement yielding. The strength degradatiamloa defined by the ratio of the cyclic load-camgycapacity at

theit" (i=2, 3) load cycle to that at the first load cycleaertain displacement level, i.e.,

[
Fi

where j denotes the displacement level.
Figure 18(a) and (b) shows the cyclic strength aegtion ratios,&, and 4j, i.e., the strength degradation

in the second and third load cycles, respectivietan be seen that the cyclic strength degradgtoerally remains
at a constant rate at different displacement lemeddl specimens until the final failure stagesld®ively speaking,
specimens PC-S and PC-C experienced larger strelegitadation than specimen CIP. In specimen PGyid r
strength degradation in the second cycle occuragliee at the drift ratio of 3.5%, and this wagihtited to the
loss of bond stress of the reinforced bars outsfdbe grouted ducts. The strength degradatiorpetisnen PC-S
was stable until the end of the loading proceddirg% drift ratio) because of the gradual bendirfgmeation and
plastic strain hardening of the longitudinal bave\ae the grouted sleeves, as will be shown latéréranalysis of

the strain data.
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Figure 18 Strength degradation ratio of the testispen
7. Conclusions

Two full-scale pre-fabricated RC column-to-foundaticonnection specimens have been experimentally
investigated with comparison to a reference cagiace (CIP) specimen in this paper. The pre-faibed
specimens represented two typical connection msthwaimely with grouted sleeves and with groutedugated
duct, respectively. The connections involved ladganeter (25/28 mm) and high strength steel reaifigr bars,
and hence posed higher demands on the groutedatmmsethan normally observed in some existingisgidrhe
design of the connections followed standard codeirements to satisfy an emulative precast conateteture
therefore the comparison with the CIP specimen ideal evidence as to the adequacy of the relevamé co
requirements. Based on the experimental resutsfottowing conclusions may be drawn:

(1) Both prefabricated column-to-foundation conitets showed a load-carrying capacity comparabtbdo
specimen CIP. From the point of strength designyévised design codes for the cast-in-place raiatbconcrete
structures are applicable for the prefabricatedroolto-foundation connections. However, a limiteckéase in the
longitudinal reinforcement is needed in the precakimns comparing with the CIP columns becauses oéduced
effective depth of the column cross-section to agnodate the placement of the connectors.

(2) The prefabricated column-to-foundation conrmctiwith the grouted sleeves (PC-S) exhibited a
significantly increase stiffness and strength wittiie column base region covered by the groutesl/ste As a
result, the concentration of the plastic deformmati@s shifted to above the grouted sleeves, leadibgckling of
the longitudinal bars and rupture of the stirruthat location. As a result, the overall ductitiiyd energy dissipation

capacity were reduced compared to the CIP speciBased on these observations and discussions aibase,
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recommended to increase the amount of stirrupsmeithced spacing in the column base region, edjyegiaund
the area above the grouted sleeves, to improveutidity of the PC-S connection.

(3) The prefabricated specimen with grouted coresjaduct connection (PC-C) exhibited pronounced
pinching in the hysteresis loops, and this wasbaitied to significant slip displacements between dhierlapped
large-diameter high-strength longitudinal bars emdcrete. This phenomenon seems to pose a chalietige use
of large diameter reinforcing bars in the case e@frugated duct connections, although such useearlgl
advantageous from the construction point of vieme Possible remedy could be an increase in theglige length,
along with the use of higher strength grouting miake

(4) The distributions the reinforcement strains soead from the tests provided detailed informaitiosupport
of the identification of the different plastic himgnechanisms. In addition to the general trendénedtabove, a
much shorter plastic hinge occurred in specimenCR@hereas PC-S exhibited an extended plastic Hmglee
region above the grouted sleeves. Both specimdribited significant rotation at the column-foundatinterface,
due to the opening and closing of the gaps ocaumainthe bedding mortar layer. Based on this olasienv, the
traditional analysis theories derived from casplace connections should be modified to take ictmant of the
plastic deformation distributions in the differeiypes of prefabricated connections in the seisnaisigh and
performance evaluation.

Further research is therefore required into motaileée quantification of the effects of varying pareters on
further improvement of the cyclic performance & ttvo types of precast connections. Moreover,rifieénce of
the different diameter of reinforcing bars and diféerent axial compression ratios of the columntio@ seismic

performance of the precast connections shouldessiudied.
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