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Assessing the Seismic Performance i

of Exterior Precast Concrete Joints
with Ultra-High-Performance Fiber-Reinforced
Concrete
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Abstract

This study was conducted to evaluate the seismic performance of an exterior precast concrete (PC) beam-column
joint with ultra-high-performance fiber-reinforced concrete (UHPFRC). Currently, 45 MPa non-shrinkage mortar is used
as grouting for the connection between PC beams and columns. In this study, PC joint specimens were designed
using 45 MPa non-shrinkage mortar and 120 MPa UHPFRC as a grouting agent for connecting PC members. The
shear reinforcement effect of UHPFRC was confirmed to reduce shear cracks in the joint core; this trend was similar

in the specimens with reduced shear rebars. The maximum moment of the test specimen with the corbel was slightly
increased, but there was no significant difference, and the failure pattern also showed similar results to the specimen
without the corbel. In the test specimen to which the U-shaped beam was applied, the attachment surface of ultra-
high-performance concrete and normal concrete were separated, and a large decrease in strength was observed.
Considering workability, U-shaped beam do not seem to have any major merits in general, such as increased strength
and difficulty in manufacturing, and it was judged that it was effective to separate the PC beams from the column
face through corbels. Shear reinforcement through UHPFRC is effective in relieving congestion by reducing shear
reinforcement bars at the joint, and it is judged that it can be used as PC joint grouting due to its excellent fluidity.
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1 Introduction

Carbon reduction is a major concern for industries
worldwide. The Intergovernmental Panel on Climate
Change (IPCC) suggested that carbon dioxide (CO,)
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usage and minimize waste generation through an effi-
cient compaction process while being produced in a
factory instead of on-site and can contribute to carbon
reduction in the construction sector by making it easy
to manufacture members using high-quality, low-carbon
concrete mixtures (Na et al., 2021).

The carbon emissions of buildings compared with the
PC method and the cast-in-place approach via life cycle
assessment (LCA), and when producing 1 m? of con-
crete, PC was able to reduce carbon emissions by 10%
compared to cast-in situ concrete (Dong et al., 2015).
When PC members were produced on-site, there was an
average CO, emissions reduction effect of 25.64% com-
pared to factory production (Na et al,, 2021). In yepepy PC
members produced in factories emit CO, in the process
of transporting them to the site after production. How-
ever, even considering this, it is possible to reduce car-
bon emissions, and PC systems help to reduce CO, at
construction sites. PC systems have proven their carbon
reduction performance through several studies.

The PC system has advantages such as reducing carbon
dioxide, securing high quality and high performance, and
reducing production costs, but structurally, it is difficult
to integrate the PC member, and it is vulnerable to earth-
quakes due to low stiffness and energy absorbing ability,
which causes problems due to stress discontinuity. There-
fore, the earthquake resistance of PC systems is lower
than that of reinforced concrete (RC) systems. If the
seismic reinforcement details of the RC joint are applied
to secure the seismic performance of the PC joint, the
fieldwork increases because it is difficult to place the
reinforcement and concrete. Several studies have been
performed on joint systems using steel frames to reduce
on-site work and enhance constructability.

Chang et al., (2021) developed a member-panel zone
unified PC joint and they investigated the seismic per-
formance of an internal beam—column joint. The inte-
grated beam-joint specimen had a shear failure pattern
similar to that of the cast-in situ specimen compared to
the integrated column-joint specimen. Choi et al., (2013)
assessed the seismic performance of a specimen fabri-
cated by bolting a steel plate exposed at the end of the
beam (where it meets the column) and the square tube of
the joint, pouring the engineered cementitious compos-
ite (ECC). All specimens exhibited typical flexural failure
behavior. No stress discontinuity was observed between
the steel connecting member and the ECC. Ghayeb et al,,
(2020) fabricated a hybrid PC beam—column junction
specimen by combining a steel coupler, steel tube, gus-
set plate, and high-strength concrete and evaluated its
seismic performance. The first crack load increased
by up to 70%; the plastic hinge was located outside the
joint area, and displacement, load, moment, and drift
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ratio all improved compared to the RC connection. Lin
et al, (2021) presented a PC beam—column joint using
120 MPa UHPC core shells and assessed its seismic per-
formance. The use of UHPC core shell effectively delayed
diagonal cracks in the joints and limited the crack width
to less than 0.05 mm in joint core. PC specimen exhibited
the same bending failure pattern as the monolithic speci-
men, the equivalent damping coefficient was larger, and
high energy-dissipation efficiency was demonstrated.

In the studies connecting PC joints using joint cores
made of steel and concrete, etc., stress discontinuity
between members was reduced, behavior similar to that
of cast-in-place concrete joints was observed, and energy
dissipation efficiency increased.

Parastesh et al, (2014) presented a new ductile
moment-resisting beam—column connection to provide
structural integrity and minimize on-site work and cast-
in situ concrete. The crack reduction and ductility of the
joint were improved with diagonal rebars and closed stir-
rups, and the energy-dissipation capacity was improved.
Wahjudi et al., (2014) evaluated seismic performance
applying the connection reinforcement bars of the beam
and joint in the form of an L-and-U bent. All the PC
specimens exhibited lower strengths than the monolithic
specimens, but the ductility values were slightly higher.
Deng et al, (2020) conducted an experiment by fabri-
cating a beam—column joint using 90 MPa high ductile
concrete (HDC) that was fiber-reinforced to boost the
seismic performance and solve the congestion of rein-
forcement bars and construction complexity. The con-
nection was reinforced through the conversion to beam
end failure. Maya et al., (2013) proposed and evaluated a
beam—column connection method using ultra-high-per-
formance fiber-reinforced concrete (UHPFRC) to achieve
a short reinforcement bar splice length. Although more
than 95% of the nominal strength was achieved at 10 d,,
brittle failure occurred at the nominal capacity load level.

Research has been conducted on improving the duc-
tility ability by changing the amount of reinforcement
bar and the placing method of reinforcement bar and
enhancing joint performance by bolstering the strength
of grouting concrete. Previous studies have confirmed
that shear force and damage resistance are enhanced
when high-performance concrete is used for joint grout-
ing. It is judged that it is possible to reduce the shear
rebar of the joint by using high-performance concrete
(HPC), but the effect of fiber incorporation is evaluated
only on crack and damage resistance, so it is necessary
to evaluate the ductility ability of the joint according to
the concrete characteristics. In addition, as the applica-
tion of UHPFRC increased, it was judged that a study on
the mixture with improved properties for joint applica-
tion was necessary.
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In this study, seismic performance and shear reinforce-
ment effects were investigated by fabricating an exterior
PC beam—column joint using UHPFRC. A total of seven
specimens were produced, and two types of grouting
non-shrinkage mortar and UHPFRC were employed to
analyze the effect of grouting performance. The number
of stirrups in the beam end and joint core was reduced
and set as a variable to check the shear reinforcement
effect. Through quasi-static cyclic loading experiment,
the seismic performance and shear behavior of the joint
were examined for the failure mode, hysteresis perfor-
mance, and energy-dissipation capacity of the specimens.

2 Research Significance

Previous studies have confirmed that it is possible to
improve the shear force at the PC joint due to the high
compressive strength and tensile strength of HPC and
reinforcing fiber. When UHPEFRC is used, it is expected
that the performance can be satisfied while minimizing
the crack width of the joint despite the reduction of the
shear reinforcement at the joint. In order to utilize UHP-
ERC, it is necessary to confirm the effect of changing
the binder combination for economical mixing and the
performance change according to the reduction of shear
reinforcement bars considering the shear reinforcement
of UHPFRC. An experiment study was devised to assess
joint reinforcement and usefulness of UHPFRC in PC
beam—column joint.

3 Experiment

A half-scale exterior beam—column joint with seismic
reinforcement details was designed and manufactured
based on ACI 352R-02 to evaluate the performance of a
PC beam—column joint connected using UHPFRC. Seven
exterior beam—column connections were fabricated with
four variables: (1) grouting performance; (2) beam end
cross-sectional shape (grouting volume); (3) shear rein-
forcement at the joint core and beam end; and (4) corbel
at the top of the lower column. To compare the effect of
grouting performance, non-shrinkage mortar (which is

Table 1 Summary of test specimens
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widely employed in conventional PC joint grouting) was
used in addition to UHPFRC, and the cross-section from
the end of the beam to a certain distance was changed
to a U-shape to consider workability. Specimens with
reduced shear reinforcement at the end of the beam and
the joint core were fabricated and compared to confirm
the shear reinforcement effect due to the UHPFRC, and
a column corbel was applied to improve the constructa-
bility of the fieldwork and to separate the location of the
plastic hinge from the joint. Table 1 presents the details
of the specimens.

Figs. 1, 2 depict the cross-section of each specimen and
the details of the corresponding arrangement, respec-
tively respectively (Yuksel et al., 2015). The total length
of the column was 1800 mm, and the length of the beam
facing the column was 1350 mm. The column section was
250% 250 mm, and the beam section was 200 X 300 mm.
The 8-D19 main rebars were placed in the column, and
shear rebars were placed with D10 at intervals of 60 mm
near the junction and 120 mm in other sections. For
the beam tension and compression rebars, 4-D13 were
placed, and the shear rebars were D10, with an interval
of 60 mm at the beam end and 120 mm at the center. In
the PJ-CUS and PJ-CUS-C specimens with reduced shear
rebars, the number of shear rebars in the joint core was
reduced from five to three, and the number of shear rein-
forcement bars at the end of the beam was reduced from
two to one (Yan et al,, 2018). The longitudinal rebars of
the beam were manufactured by exposing the 90° hook
rebars in the same manner as the seismic details of the
cast-in-place concrete, and the upper column and the
lower column were connected with main reinforcement
bars, and the joint core was empty, so the main reinforce-
ment bars were exposed. After connecting the beams and
installing shear reinforcement bars at the joint, the main
reinforcement bars of beam were constrained, and the
joint specimen was completed by grouting with mortar
or UHPFRC.

For the PC member, a general 27 MPa ready mixed
concrete was used, and for the non-shrinkage mortar, a

Specimens Grouting Beam section Reinforcement Corbel
PJ-MR Non-shrinkage mortar Rectangle Detail. 1 Not apply
PJ-CR UHPFRC Rectangle Detail. 1 Not apply
PJ-MU Non-shrinkage mortar U-shaped Detail. 1 Not apply
PJ-CU UHPFRC U-shaped Detail. 1 Not apply
PJ-CUS UHPFRC U-shaped Detail. 2 Not apply
PJ-CU-C UHPFRC U-shaped Detail. 3 Apply
PJ-CUS-C UHPFRC U-shaped Detail. 4 Apply
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Fig. 1 continued

commercially available 40 MPa product was used. For
the UHPFRC, a composition with a compressive strength
of 120 MPa was employed, and needle-shaped high-
strength steel fibers were mixed as reinforcing fibers.
Table 2 shows the mixing ratio of UHPFRC used in the
experiment. The binder combination was cement and sil-
ica fume, and the fine aggregate used was silica sand and
river sand with particle size of 20 to 40 mesh. Silica flour
were used as fillers with a silica content of over 99% and
particle size of 12.4 um. The diameter of the mixed steel
fibers was 0.2 mm, and lengths of 16 mm and 19 mm
were mixed in a 2:1 ratio (Li et al., 2019). SD400 rebar
was used as the reinforcement bar. Fig. 3 shows the com-
pressive and bending strength test results of UHPFRC.
The compressive strength was over 120 MPa and the
bending strength was over 30 MPa. This mix was used for
grouting PC joints. Table 3 outlines the properties of the
mixtures used in these experiments.

Linear variable displacement transducer (LVDT) was
installed to measure the specimens’ deformation. Four
LVDT were installed, two of which were installed on the
beam surface to measure the displacement and rotation
of the member, while another two were installed on the
joint core to measure shear deformation. The setup for
the cyclic loading experiments is presented in Figs. 4, 5.
The end of the column was fixed, and a load was applied
horizontally to the end of the beam. It is common to set
the column end (corresponding to the central part of the
actual structure) as pinned in light of the actual behav-
ior. Thus, it is expected that there will be a difference
from previous studies because the moment appears dif-
ferently in the column part. Given this, an analysis was
performed, focusing on the behavior of the beam and

joint core. The load was applied using an actuator with a
capacity of 980 kN, and the cyclic load consisted of eight
cycles with a drift ratio of 0.5% to 5%. Each cycle was set
to three periods to apply the load in a displacement con-
trol method. Fig. 6 portrays the cyclic loading history.

4 Test Results

To analyze the performance of the PC joint, the test
results of the beam—column joint were analyzed by
dividing them into three categories: (1) crack and failure
mode, (2) load—displacement curve, and (3) joint shear
distortion.

4.1 Crack and Failure Mode

Fig. 7 shows the crack patterns of all the specimens. The
black area indicates the location at which the concrete
was delaminated as the crack width increased. Seismic
details were applied; therefore, cracks occurred mainly
in the beam area rather than inside the joints of all the
specimens. By comparing PJ-MR and PJ-CR, it was con-
firmed that almost no cracks occurred in the joint core
using UHPFRC. However, crack width widens in the end
of the beam the area where the concrete was delaminated
was increased. The shear reinforcement of the joint was
made possible using UHPFRC.

In the PJ-MR specimen, a diagonal crack occurred
at the beam end at a drift ratio of 3%, and a diagonal
crack occurred in the joint core. The crack width of the
core was very small compared to that of the beam, and
the concrete peeling at the end of the beam was not sig-
nificant. In the PJ-CR specimen, diagonal cracks began
to appear at the end of the beam at a drift ratio of 1.5%.
From a drift ratio of 3%, the crack width increased
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Fig. 2 Reinforcement details
Table 2 Unit weight of UHPFRC (unit: kg/m?)
Water Cement Silica fume Quartz sand Silica flour SP Steel fiber
180 783 180 470 470 235 42 775

cracks were seen in the joint core. The effect of shear at
the end of the beam increased significantly due to a rise
in the shear force at the joint. In the PJ-MU specimen,

significantly, and peeling was noted. Notwithstanding, in
the joint, cracks emerged only at the interface between
the UHPFRC and the cast-in-place concrete, and no
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diagonal cracks were observed at the end of the beam at e

a drift ratio of 1.5%; subsequently, the number of cracks
did not rise significantly, the width of the diagonal cracks
widened significantly, and the cast-in-place concrete
part formed a U-shaped delamination phenomenon. In
the joint core, several diagonal cracks with a compres-
sion zones occurred under the influence of shear (Gil-
Martinet al., 2019). Similar to PJ-MU and PJ-CU had a
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Fig. 7 Crack formation and failure mode
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PJ-CUS-C showed diagonal cracks in the inner section of
the corbel; however, the crack width did not increase sig-
nificantly. At the point where the corbels of the column
and beam met, a horizontal crack appeared, and concrete
delamination occurred as the crack width increased.

In the joint core, no large cracks were noted despite the
decline in shear reinforcement, and the number of cracks
and crack width increased in PJ-CUS-C compared to
those in PJ-CU-C because of the decrease in shear rein-
forcement bars.

All specimens displayed the same failure mode as the
failure occurring in the beam area, and the shear rein-
forcement effect of UHPFRC was confirmed by the
inside of the joint and the crack pattern of the beam.
When observing the crack pattern, the plastic hinge area
moved to the UHPERC casting surface. Given the shear
reinforcement effect of the UHPFRC, the failure mode
was the same, even when the shear reinforcement was
reduced in the joint core. Moreover, the number and
width of cracks did not appear significantly inside the
joint, despite the decrease in shear reinforcement in the
cracked area compared with the case where non-shrink-
age mortar was used.

4.2 Load-Displacement Relationship

Fig. 8 shows the results of the beam load versus dis-
placement of the beam-column connection. Table 4
summarizes the design moments, peak moments, and
corresponding drift ratios. The drift ratio was obtained by
dividing the beam displacement by the distance from the
load point at the end of the beam to the center of the col-
umn. Regarding the graph pattern, strength and stiffness
degradation, as well as pinching were observed at the
same drift ratio as that in the general hysteretic response.
In the graph of the PJ-MR specimen, the maximum load
was not accurately measured because the specimen and
support moved during the experiment (Fig. 9).

The maximum moment was recorded at a drift ratio
of 3.85%, and strength degradation occurred at the same
drift ratio. PJ-CR showed a slightly higher maximum
moment than PJ-MR, but there was no significant dif-
ference. However, 6., was 2.95%, which is lower than
that of PJ-MR. Significant strength and stiffness deg-
radations were seen within the maximum drift ratio of
3.00%, where the maximum moment was observed. Nev-
ertheless, when the drift ratio increased, the maximum
moment did not decline significantly, and the strength
and stiffness degradation decreased. In PJ-MU, the
strength degradation pattern was viewed more clearly
than that in PJ-CR, and according to cycle repetition, the
strength degradation was large at a drift ratio of 3.00%;
this was the same as when the crack width started to
increase significantly.
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The maximum strength of the PJ-CU specimen
increased compared with that of the PJ]-MU specimen,
but the crack width significantly increased at the inter-
face between the cast-in situ concrete and the concrete
peeled off, resulting in a significant strength degrada-
tion at a drift ratio of 5.00%. In the PJ-CUS specimen, the
maximum moment was noted at a drift ratio of 3.00%,
after which strength degradation was observed. How-
ever, strength degradation was seen compared to PJ-CU,
which is considered to be due to the decline in the shear
force concentrated on the beam due to the decrease in
shear reinforcement bars in the connection. PJ-CU-C
and PJ-CUS-C exhibited similar maximum strength. That
said, PJ-CUS-C with reduced shear reinforcement exhib-
ited slightly greater strength degradation.

The specimens grouted with UHPFRC displayed a
maximum load at a draft ratio higher than that in the case
where the non-shrinkage mortar was applied, and similar
results were obtained after the maximum load. Maximum
strength was observed in the specimen with reduced
shear reinforcement bars, which was considered to be
caused by the shear reinforcement effect of the UHP-
FRC, and failure occurred while receiving a larger load at
the beam (rather than at the joint). Owing to the effect
of the corbel, the beam inside the corbel did not receive
a large load; therefore, concrete peeling was reduced. As
a result, a fairly small strength degradation was seen in
the PJ-CU-C specimen compared to that in the PJ-CU
specimen. When UHPFRC or non-shrinkage mortar was
applied only to the inside of the joint, the maximum load
was almost the same. However, the strength of specimens
with a U-shaped beam area improved by 10-20% when
UHPERC was applied. The shear reinforcement of the
joint core was determined by applying UHPFRC. Not-
withstanding, the UHPFRC reinforcement at the end of
the beam was not sufficient to change the failure mode.
Reinforcing with UHPFRC in addition to the joint core
is judged to have an effect only on increasing the cost of
the member, rather than producing a significant change.
In addition, in a study using high-strength concrete for
the PC joint, the failure mode changed from brittle shear
failure of the joint to beam end failure, and a strong joint
design principle was achieved. That said, column end
failure also occurred, confirming the need for column
reinforcement to meet the strong column requirements.
Therefore, in the case of a PC joint to which UHPFRC is
applied, the joint reinforcement is sufficient, even if the
reinforcement area is limited and applied within the joint
core; this would be effective at improving the strength of
the PC beam and column while maintaining the strong
column principle. Table 4 summarizes the test results
of moment and drift. Paulay et al. (1992) used a model
to calculate the ductility of specimens. Specimens using
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Table 4 Beam moment and drift ratio of beam—column joint

Specimen M,, (kN-m) Mpeak (kN-m) épeak (%) My (kN-m) 6y (%) u
PIMR 550 4884 (— 4581) 385 3663 (~ 34.36) 262 1.07
PI-CR 4992 (- 48.70) 295 37.03 (- 36.52) 222 143
PI-MU 5032 (~ 48.68) 301 3774 (- 3651) 127 160
PI-CU 5454 (~ 49.23) 3.00 4091 (-36.92) 169 1.86
PJ-CUS 5818 (— 54.23) 3.00 4364 (— 4067) 159 176
PI-CU-C 5361 (- 58.23) 399 4021 (- 4367) 165 122
PI-CUS-C 5840 (- 58.76) 293 43.80 (- 44.07) 157 160
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Fig. 9 Backbone envelopes of lateral load—drift relations

UHPERC exhibited higher ductility than non-shrink-  the ductility of the joint, and lowering the shear rein-
age mortar, and specimens with grouting applied to the forcement bar at the joint slightly decreased ductility.
beam end with a U-shaped cross-section showed higher = However, specimens with reduced shear reinforcement
ductility than the case where grouting was applied only  showed a slight increase in ductility in the presence of
to the joint core. Compared to the case where grouting  corbels.

was applied only to the joint core, the test section dem- The seismic performance of the tested PC joints
onstrated higher ductility. The corbel slightly reduced was evaluated based on the acceptance criteria in ACI
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374.1-05. ACI 374.1-05 specifies the experimental
results of the third complete

(L1 —L2)\/1> + 12

2X11X12

(1)

y:

cycle with a drift ratio not less than 3.5% should meet the
following criteria for bi-directional response to satisfy the
performance of the moment frame: (a) Peak force for a
given loading direction shall have been not less than 0.75
of the maximum lateral resistance in the same loading
direction; (b) the relative energy dissipation ratio shall
have been not less than 0.125; and (c) the secant stiffness
from a drift ratio of — 0.35% to a drift ratio of+0.35%
shall have been not less than 0.05 times the initial stiff-
ness during the first cycle for the same direction. In this
analysis, the 4.0% drift ratio cycles were used in a con-
servative sense, in that 3.5% drift ratio cycles were not
existed in the tests. Tables 5, 6 summarize the test results
corresponding to the ACI 374.1.05 acceptance criteria.
As shown in column 2 of Tables 5, 6, M.« /M, of all
specimens was lower than 1.0, so the drift ratio will be
larger than the limiting initial drift ratio defined as Aa/
¢Cy, which typically ranges between 0.3 and 0.5%. Con-
sidering that it is not M, applied the characteristics of the
PC joint and that typical statically determinate test sys-
tems much more flexible than real structures, it is judged
that it will be difficult to accurately evaluate whether the
standard is satisfied. However, by satisfying all acceptance
criteria except for the limiting initial drift ratio, the per-
formance of all specimens was deemed satisfactory. The
test specimen that showed the greatest average strength
degradation over three cycles at a deformation angle of
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4% was PJ-CU at 10%, followed by PJ-MU at 7%. The
remaining test specimens showed similar results of 5 to
6%, with PJ-CR showing the lowest average strength deg-
radation at 2.5%. The specimen with U-shaped showed
lower energy dissipation ratio () and lower secant stift-
ness around zero drift (K/K). It is believed that this is
because the stress concentration of the beam due to the
increase in the shear strength of the joint accelerated
the deterioration of the bond between the U-shaped
protruding normal concrete and UHPFRC. The higher
energy dissipation ratio and secant stiffness of PJ-CUS,
which reduces the shear reinforcement bars of the joint
and beam compared to PJ-CU, is believed to be due to
decrease in the stress concentration of the beam due to
decrease of shear strength of the joint. Comparing PJ-CU
and PJ-CU-C, an increase in energy dissipation ratio and
secant stiffness was confirmed by applying corbels, but
there was no significant difference in PJ-CUS and PJ-
CUS-C even with the application of corbels. It was likely
because, that the confining effect of shear reinforcement
and grouting by shear reinforcement increased with the
application of UHPFRC, reducing the effect of plastic
hinge movement due to the corbel (Girgin et al., 2017).

4.3 Joint Shear Distortion

To measure the shear strain of the joint, LVDTs were
installed in the joint core in two directions, and joint
shear distortion was calculated using Eq. (1)(Chang and
Han, 2021, Choi and Choi, 2014, Kim et al., 2016).

In the PJ-MR and PJ-MU test specimens using non-
shrinkage mortar, shear cracks occurred in the diago-
nal direction at the joints. Fig. 10 outlines the load-joint
shear distortion graph of each specimen. The test results

Table 6 Comparisons between test results and ACI 374.1-05 acceptance criteria (2)

Acceptance PJ-CUS(+) PJ-CUS(-) PJ-CU-C(+) PJ-CU-C(-) PJ-CUS-C(+) PJ-CUS-C(-)
criteria
M/\Zs‘ak <1.25 1.06 0.99 0.97 1.06 1.06 1.07
During third cycle of 4% drift cycles M >0.75 0.94 0.94 0.95 0.94 0.94 0.95
peak
B >1.25 1.394 1.359 1.295
% >0.05 0.17 0.20 0.26 0.18 0.18 0.19

M,: nominal beam moment strength (calculated based on measured material properties)

Mpeai: Peak beam moment (measured)
Mj,4: peak beam moment during 3rd cycle of 4.0% drift ratio (measured)
B: relative energy dissipation ratio (ACI 374.1-05)

K, (+): secant stiffness for positive loading* from a drift ratio of — 0.35% to a drift ratio of + 0.35% (ACI 374.1-05)
K, (-): secant stiffness for negative loading** from a drift ratio of — 0.35% to a drift ratio of + 0.35% (ACI 374.1-05)

K (+): initial stiffness for positive loading* for first cycle (ACI 374.1-05)
K (-): initial stiffness for negative loading** for first cycle (ACl 374.1-05)
" Positive loading, defined as loading from right to left (see Fig. 5)

" Negative loading, defined as loading from left to right (see Fig. 5)
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indicate that most of the specimens were restrained
within 0.01 rad of shear deformation, and only the PJ-
CUS specimens with reduced shear reinforcement
exceeded 0.01 rad at the maximum load. Compar-
ing PJ-MR, PJ-CR, PJ-MU, and PJ-CU, the shear strain
decreased when UHPFRC was used, which was attrib-
uted to the incorporation of steel fibers.

5 Conclusion

In this study, an experiment was performed to evalu-
ate the seismic performance of PC beam-column joints
using UHPFRC and non-shrinkage mortar as grouting.
The shear reinforcement effect of the joint (based on the
application of UHPFRC) and the applicability of UHP-
FRC to PC joints were analyzed in terms of strength and
joint shear distortion. The following conclusions were
drawn:

1. The test specimen to which the non-shrinkage mor-
tar was applied had diagonal cracks in the joint
core, whereas the specimen to which UHPFRC was
applied had no cracks in the joint core. The reinforce-
ment effect was deemed to be as good as that of shear
reinforcement bars.

2. Given the on-site construction of the PC joint, the
test specimen with a U-shaped cross-section of the
beam end boosted fracture strength by increasing
the grouting area. The area where concrete peel-
ing was noted due to the occurrence of a plastic
hinge appeared at the interface between the grout-
ing and the cross-section of the PC member. Based
on the fluidity of UHPFRC, there is no great merit in
improving on-site workability compared to the labor
required to manufacture U-shaped beam members.

3. An increase in joint moment was confirmed by
applying UHPFRC, and degradation was signifi-
cantly observed in PJ-CU. In the case of PJ-CU, it
seems to be influenced by the fact that large separa-
tion occurred due to lack of adhesion at the interface
between normal concrete and UHPERC at the cross-
section of the beam. The U-shaped beam consider-
ing workability is not judged to be of great merit, and
it is judged that applying corbels and separating PC
beams of rectangular cross-section from the column
surface promotes structural safety by moving the
plastic hinges and is advantageous in terms of manu-
facturing and constructability.

4. All specimens of PC beam-column joint conformed
to all performance acceptance criteria in ACI 374.1—
05, except for the limiting initial drift ratio. The aver-
age strength degradation during the third cycle at a
4.0% drift ratio was only about 10% at the maximum,
in PJ-CU, and it was confirmed that the U-shaped
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beam considering field construction can accelerate
the deterioration of the bond. The PC joint met the
standards for energy dissipation ratio () and secant
stiffness around zero drift (K/K), but the meas-
ured moment was about 30% lower than the design
moment.

5. Shear reinforcement and crack reduction in the joint
core were confirmed by applying UHPFRC. How-
ever, the stress at the end of the beam was found to
be higher than that of the test specimen subjected to
non-shrinkage mortar. As a result, as the end shear
crack width increased, significant concrete delamina-
tion occurred at the same drift ratio, and significant
strength degradation was observed. Since the test
specimen with reduced shear reinforcement in the
joint core showed a decrease in strength degradation,
UHPEFRC as a PC joint grouting would be effective in
mitigating the congestion of the reinforcement bars
in the joint core with sufficient shear reinforcement.
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