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Abstract

This study aims to evaluate the seismic performance of exterior beam-column joints (BCJs)
having high-strength steel (HSS) reinforcements in beams and columns coupled with high-
strength steel fiber reinforced concrete (HSSFRC). Eight full-scale exterior BCJs with vari-
ous reinforcement detailing were designed for a moment-resisting frame and subjected to
reversed cyclic loading. The parameters in the test include reinforcement strength, concret-
ing pattern in different regions and shear compressive ratio. The amounts of HSS reinforce-
ments in beams, with a yield strength of 600 MPa, were reduced by 22.6% for specimens
SEJH1 and EJH1 with 9% higher flexural strength and by 33.3% for the other specimens
with 6% lower flexural strength, respectively, due to the enhancement in yield strength. The
joints reinforced with HSS reinforcement showed similar failure modes, energy dissipa-
tion and secant stiffness as the specimens using 400 MPa reinforcement. Substitution of
400 MPa bars with a smaller amount of 600 MPa as beam longitudinal reinforcements was
favorable to seismic performance and could resolve reinforcement congestion. While using
HSSFRC effectively enhanced the ductility, decreased slippage of beam longitudinal rein-
forcements, improved concrete crushing and decreased shear deformation in the joint core
due to improved bond degradation of HSS bars; but the peak load and secant stiffness were
not significantly affected. The analytical results of design codes in GB50010 were agreed
with the experimental results.
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1 Introduction

Beam-column joints that transfer loads between beams and columns are key parts in struc-
tures to resist earthquake loads (Kotsovou and Mouzakis 2012). The failure of joints may
lead to large story drifts, even the collapse of structures due to inadequate ductility (Tapan
et al. 2013). Under the seismic action, the joint is usually subjected to the greater shear
action which will lead to failure, so the joint must have a higher deformation ability and
ductility (Chetchotisak et al. 2020; Favvata and Karayannis 2014; Zainal et al. 2021).
Excessive reinforcement requirements in beam-column joints (BCJs) may lead to rein-
forcement congestion at the joint core area, resulting in the difficulty of concrete pouring
and construction (Guan et al. 2019). Moreover, RC moment frames often required large
section sizes. Using high-strength steel (HSS) reinforcements is a way to alleviate rein-
forcement congestion by effectively reducing the amount of steel bars when compared to
normal-strength materials (Rautenberg et al. 2013; Su et al. 2021). In addition to using
HSS, the application of appropriate splice method also could eliminate bar congestion in
beams, columns or joints’ core. (Dabiri and Kheyroddin 2021; Eddy and Nagai 2016; Chun
et al. 2009). Adding steel fibers into high-strength concrete could mitigate the above issues
by enhancing toughness and deformation ability. Kang et al. (2019) designed three rein-
forced concrete beam-column joints under cyclic loading. Results showed that beam-col-
umn joints with HSS bars could bear great lateral displacement and had high behavior. And
the joints reinforced with steel fibers reduced the amount of steel bars.

Recently, scholars have been devoted to research the seismic performance of beam-col-
umn joints with HSS bars (Alaee and Li 2017a; Feng et al. 2020; Kim and Chang 2021).
Hwang et al. (2014) studied the use of 600 MPa steel bars as beam bending steel bars to
study the seismic performance of four interior joints and three exterior joints under cyclic
lateral loads. Chang et al. (2014) experimentally studied the seismic performance of ordi-
nary concrete beam-column joints with 690 MPa reinforcements and the effectiveness of
using HSS bars was evaluated. Alavi-Dehkordi et al. (2019) studied the effect of 600 MPa
HSS bars with high-strength concrete on the seismic behavior of six exterior beam-column
joints subjected to quasi-static reversed cyclic loading. Alaee and Li (2017b) studied the
seismic behavior of five reinforced concrete exterior beam-column joints with 500 MPa
and 700 MPa strength bars. Results showed that the joints with 700 MPa bars had smaller
energy dissipation capacity, and the beam steel bars were more prone to slip as well as had
lower bond strength.

HSS bars can potentially enhance the load capacity of a beam-column joint while
effectively reducing the amount of required steel bars, alleviate reinforcement congestion,
address high shear demand, and ensure the construction quality. But the bond strength of
HSS bars is lower than that of ordinary steel bars, so it is prone to bond-slip under reversed
cyclic loading. However, using HSS bars is restricted for RC beam-column joints due to
upper limits of steel strength, which are differed in various codes and recommendations.
ACI 318-14 (2014) limits the strength of flexural and shear reinforcements up to 420 MPa.
In EC8 (2004) and GB 50010 (2015), the strength of longitudinal reinforcements is limited
to 500 MPa. To extend the extreme values of steel bars, with the yield strength of over
500 MPa, updated guidelines are necessary for design of the RC moment frame. The seis-
mic performance of beam-column joints with HSS bars is need further studied.

High-strength concrete (HSC) can alleviate the brittleness defects and restrict the early
slip of reinforcements at the joint regions when HSS bars are used. Ehsani et al. (1987)
reported the behavior of four beam-column joints with HSC subjected to cyclic loading.
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Ashtiani et al. (2014) studied the effect of HSC on the bond behavior of interior beam-col-
umn assemblies. Ahmed et al. (2019) experimentally studied the ductility of beam-column
joints with HSC. These research results showed that the beam-column joints with HSC
could bear a better seismic capacity compared with ordinary concrete.

Steel fiber reinforced concrete (SFRC) is made by adding steel fiber into concrete, which
can inhibit the development of flexural and shear cracks. Compared with ordinary concrete,
SFRC has better ductility, energy dissipation capacity and bonding performance (Khan
et al. 2018; Raj et al. 2020). Tang et al. (1992) introduced the test results of SFRC beam-
column joints under cyclic loading. Test results showed that the shear strength of BCJs
with SFRC was significantly improved. Kheni et al. (2015) and Ghani and Hami (2013)
reported that the use of hybrid fiber-reinforced concrete in BCJs improved displacement
ductility and energy dissipation capacity. Saghafi and Shariatmadar (2018) introduced high
performance fiber reinforced cement-based composites with 2% steel fiber used in beam-
column joints, and the mechanical properties of all specimens were improved. According
to the existing literatures, steel fiber can improve the ductility of concrete, increase the
bond performance and improve the seismic performance of BCJs with ordinary-strength
steel bars. When the HSS bars are used, the stress level of the reinforcements is different.

Ordinary-strength steel bars coupled with SFRC have been used in BCJs, which showed
better seismic performance. However, the effect of high strength steel fiber reinforced con-
crete (HSSFRC) coupled with HSS bars on seismic behavior of beam-column joints had
not been determined, which needs further study. And the reasonable application range of
HSSFRC should be also further studied. In addition, there are more researches on the inte-
rior BCJs at present, and fewer researches on the exterior BCJs, which had much more
reinforcements in the joint area resulting in steel bar congestion.

This study presents a study on the seismic behavior of eight exterior BCJs strengthened
with HSS bars and HSSFRC, and aims to verify the effectiveness of HSS bars coupled
with HSSFRC to alleviate reinforcement congestion and enhance ductility. The parameters
included the reinforcement strength, concreting pattern in different regions and shear com-
pressive ratio. The seismic performance was studied in terms of failure mode, stiffness,
strength and energy dissipation. And failure mode and strength were predicted in accord-
ance with the design code in GB 50010.

2 Experimental program
2.1 Description of specimens

In view of the complex stress of reinforced concrete frame joints, which are prone to
be damaged in the earthquake, eight reinforced concrete exterior BCJs with the same
size but different reinforcement details were designed in this study. These specimens
simulated the exterior BCJs of a four-story RC moment-resisting frame structure were
labeled as EJH1, EJH2, EJN1, SEJH1, SEJH2, SEJH3, SEJH4 and SEJHS, respectively.
The letter “EJ” stands for the exterior type of beam-column joints. The letter “H”, “N”
and “S” indicate specimens with HSS bars, ordinary steel bars and HSSFRC, respec-
tively. The influences of reinforcement strength, concrete type, and shear compres-
sion ratio on the seismic performance of exterior BCJs were studied. The ratios of the
column to beam moment capacity were 2.56 for EJN1, 3.24 for specimens EJH1 and
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SEJH1, and 2.78 for the other joints, which was higher than the requirements of the
strong column-weak beam in accordance with the code of GB 50010.

Specimen EJN1, as a reference joint, was produced with HSC and ordinary-strength
steel bars (yield strength=400 MPa) and intended to shear failure in the joint to ensure
strength and stiffness. Eighteen deformed 18-mm steel bars were arranged as the longi-
tudinal reinforcements in the beams, and six deformed 25-mm steel bars and two 20-mm
steel bars (yield strength =400 MPa) were used as the longitudinal reinforcements in the
columns. For specimens EJHI and EJH2 with 22.6% and 33.3% lower beam reinforce-
ment ratio of HRB600 when compared with joint EJN1, with the principle of reduc-
tions proportional to the enhancements achieved in yield stress, the substitution of HSS
reinforcements for ordinary-strength steel bars was fabricated as longitudinal reinforce-
ments in the beams and columns. Fourteen and twelve deformed 18-mm steel bars with
a yield strength of 600 MPa were used in the beams of EJH1 and EJH2, respectively.
The difference in EJH1 and EJH2 was the shear compression ratio, which was equal to
shear force divided by concrete compression strength and sectional area, and the val-
ues were 0.244 and 0.209, respectively. In the case of specimens SEJHI1 and SEJH2,
HSC was replaced by HSSFRC with 1.2% volume ratio in the joint core, beams and
columns. The other details of SEJH1 and SEJH2 were the same as that of EJH1 and
EJH2, respectively. There were three concreting patterns with HSSFRC for specimens
SEJH3, SEJH4 and SEJHS: only in the joint core region for specimen SEJH3, joint core
region and beam end at 350 mm for joint SEJH4, and core region and beam end at
550 mm for specimen SEJHS, the other parts were poured with HSC. Six deformed bars
with a diameter of 25 mm and two deformed bars with a diameter of 20 mm, with the
yield strength of 600 MPa, were used as the longitudinal bars of the column except for
joint EJIN1. Seven stirrups with a diameter of 10 mm were placed in the joint region,
and deformed 10-mm steel bars with the spacing of 100 mm were used as transverse
reinforcement in the beams and columns for all specimens. The column section was
350 mm X 350 mm and the height of 2800 mm, the beam section was 250 mm X 400 mm
and the length of 1600 mm. The details of all specimens are shown in Tables 1, 2 and
Fig. 1.

Table 1 Details of test specimens

Specimens SRC Concreting pattern HSSFRC region Reinforce-
ment
strength

EJH1 0.244 HSC - HRB600

EJH2 0.209 HSC - HRB600

EJN1 0.217 HSC - HRB400

SEJH1 0.244 HSSFRC Joint core & beam & column HRB600

SEJH2 0.209 HSSFRC Joint core & beam & column HRB600

SEJH3 0.209 HSSFRC & HSC Joint core HRB600

SEJH4 0.209 HSSFRC & HSC Joint core & 350 mm beam end HRB600

SEJHS5 0.209 HSSFRC& HSC Joint core & 550 mm beam end HRB600

SRC, shear compressive ratio; —, without this parameter
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Table 2 Property of test specimens

Member Property EJH1 EJH2 EJN1 SEJH1 SEJH2 SEJH3 SEJH4 SEJHS
Beam Dimensions (mm) 250x400
Top bar area ratio (%) 1.78 1.53 229 1.78 1.53 1.53 1.53 1.53
Bottom bar area ratio 1.78 1.53 2.29 1.78 1.53 1.53 1.53 1.53
(%)
Longitudinal bars grade 600 600 400 600 600 600 600 600
(MPa)
Longitudinal bars size 18 18 18 18 18 18 18 18
(mm)
Moment capacity 249.1 213.6 221.8 249.1 213.6 213.6 213.6 213.6
(kN-m)
Column Dimensions (mm) 350350
Bar area ratio (%) 2.62 2.62 2.62 2.62 2.62 2.62 2.62 2.62
Corner bar grade (MPa) 600 600 400 600 600 600 600 600
Corner bar size (mm) 25 25 25 25 25 25 25 25
Middle bar grade (MPa) 400 400 400 400 400 400 400 400
Middle bar size (mm) 20 20 20 20 20 20 20 20
Axial load ratio 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Nominal flexural 346.0 346.0 283.31 346.0 346.0 346.0 346.0 346.0
moment (kKN-m)
Ratio of column-to- 2.78 324 256 2.78 3.24 3.24 3.24 3.24
beam moment
Joint Stirrup diameter (mm) 10 10 10 10 10 10 10 10
Stirrup grade (MPa) 400 400 400 400 400 400 400 400

2.2 Materials

The concrete used in this test was HSC and HSSFRC. HSC was adopted grade C55
strength commercial concrete, and the concrete cover was 25 mm. In order to ensure
that the concrete vibrated and compacted when pouring, concrete poured in the core
area of the joint was first, and then other parts of the concrete was poured. HSSFRC was
made by adding hook shear steel fiber with 1.2% volume percentage to the HSC. The
length of steel fiber was 30 mm and the tensile strength was about 1000 MPa. A group
of cubic specimens with the side length of 150 mm and dumbbell-shaped specimens
with the diameter of 100 mm at the middle section were made and the corresponding
compressive and tensile tests were conducted after a curing period of 28 days. The load-
controlled method was adopted for compressive and tensile tests, and the loading speed
was 0.5-0.8 MPa/s under compressive and 0.08—0.10 MPa/s under tensile in accordance
with GB/T 50081-2019 (2019). The mechanical performance of concrete is shown in
Table 3.

Four-point-bending tests were also conducted on prismatic specimens BS1-BS6 of
dimensions 100 mm X 100 mm X 350 mm in this study to evaluate the influence of steel
fiber on concrete strength. The test setup diagram was shown in Fig. 2. Loads were
arranged at a distance of 100 mm from supports. The displacement-controlled method
was adopted and the loading rate was 0.5 mm/min. The vertical midspan deflection was
measured by a linear variable differential transducer (LVDT).
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Fig.1 Detail of all specimens: a EJH1, EJH2, b EIN1, ¢ SEJHI, SEJH2, d SEJH3, e SEJH4, and f SEJHS5.
Note: E represents grade 600 MPa steel bar, and @ represents grade 400 MPa steel bar
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Table 3 Mechanical performance

f Concrete pattern ~ Cube compressive ~ Tension Elastic
of concrete strength, f,, (MPa)  strength, f; modulus, E_
(MPa) (GPa)
HSC 55.6 2.96 354
HSSFRC 57.3 4.32 35.6

Fig.2 Test setup of four-point-
bending tests

i
e

Fig.3 Load—deflection curves of 25
HPFRCC specimens

Load(kN)

Deflection(mm)

Figure 3 shows the load—deflection curves of the four-point-bending specimens BS1-
BS6. And the average flexural strength was 6.39 MPa.

Subsequently, the splitting tensile strength was calculated according to the empirical
relation (1) obtained by Xu and Shi (2009),

fi =163 Spf” (1)

where f;,, is the splitting tensile strength; f;, is flexural strength.

The tensile strength was 0.9 times splitting tensile strength. And the calculated tensile
strength of HPFRCC was 4.18 MPa, which is also in good agreement with tension strength
of 4.32 MPa obtained by our previous tension tests.

Furthermore, Lopez et al. (2016) and Rios et al. (2019) proposed a simplified inverse
analysis method using four-point bending tests to determine the tensile properties of UHS-
FRC, which also indicated the tensile strength can be calculated according to the flexural
strength.

The reinforcements used in the test were HRB600 with the yield strength of 600 MPa
and HRB400 with the yield strength of 400 MPa. Three different diameters and three dif-
ferent batches with lengths of 260 mm of bars were reserved to test the mechanical proper-
ties. According to GB/T 228-2010 (2010) uniaxial tensile test, the average measured the
strength of the steel bars is shown in Table 4.
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Table 4 Mean measured strength of steel bars

Material Diameter Yield strength, f,  Ultimate strength, ~ Elastic modulus,  Elongation (%)
(MPa) (MPa) fy (MPa) E, (GPa)

HRB400 10 467 662 218 17.9

HRB400 18 472 623 226 17.5

HRB400 25 506 639 232 17.9

HRB600 18 615 785 212 15.2

HRB600 25 620 784 223 16.2

2.3 Test setup and loading pattern

The experimental test setup of exterior BCJs is shown in Fig. 4. The specimen was pinned
via a hinge constraint at the bottom of the column and was roller supported at the top to
simulate inflection points. The steel clip beams and the lateral bracings were used to con-
nect to the reaction wall to prevent the column unexpected instability during the test. A
vertical hydraulic jack was installed on the top of the column, and considered the column
axial compression load for the beam-column joint in the prototype building, a vertical axial
force of 505 kN (about 15% of the column’s capacity) was applied to simulate the load
transferred from the upper floors. A hydraulic jack with a capacity of 500 kN was fixed at
the end of the beam to provide reversed cyclic loading. Two load transducers were installed
on the hydraulic jacks on the column top and at the beam end. A linear variable differential
transducer (LVDT) was installed at the end of the beam to measure the vertical displace-
ment of the BCJs.

The loading history is shown in Fig. 5, which consisted of load-controlled pat-
terns and displacement-controlled patterns in the test. The load-controlled pat-
terns were adopted before the yielding of longitudinal reinforcements in the beams,
and a load of each level was cycled once. And then, the load was switched to

Axial Load
Rigid beam ‘ Hydraulic jack
\

Anchor rod ﬁ
—}
Reaction wall Load cell LVDT
S|

Positive

Column
Negative Hydraulic
Anchor rod | | jack
5& Hinge support
Strong floor
(a) (b)

Fig.4 Test setup: a setup photograph and b schematic diagram of setup
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Fig.5 Loading history Lateral load Displacement
47y

3Ay

20y

Py Ay

P3

g /\ A /\ /\ Cycles
-P3

-Py -Ay

240y

-3Ay

displacement-controlled, and the displacement level gradually increased to A, 2A,,
3A,, ..., each displacement repeated three times until the load dropped to 85% of the
peak load, and the specimen was failure.

All specimens were equipped with strain gauges and LVDTs to measure the strain val-
ues and deformation of the corresponding parts. Forty strain gauges with the spacing of
50 mm numbered 1-40 were attached at the upper and lower longitudinal reinforcements
(see Fig. 6a). Two LVDTs 1-2 were installed in the core area of the joint and another two
3—4 were arranged at the beam ends to measure the shear deformation and rotation, respec-
tively (see Fig. 6b). To measure the slip of the beam longitudinal bars, two dial indicators
were arranged at the reserved short reinforcing bars. In order to make the short steel bar
move freely along the longitudinal reinforcement of the beam, a plastic foam with dimen-
sions of 30X 15x25 mm was placed on the short steel bar and the foam was pulled out
before the test (see Fig. 6¢).

3 Test results and discussion
3.1 Crack patterns and failure modes

Figure 7 shows the crack patterns and failure modes of eight exterior BCJs. The crack pat-
terns of specimens were very similar. The vertical bending cracks first appeared in the ten-
sile zone at the end of the beam and then gradually extended. Then the diagonal crack
occurred in the joint core area, which was under diagonal tensile and compression stresses
owing to the principle tensile stress over the tensile strength of HSC or HSSFRC. The
occurrence of shear cracks caused the premature slipping of HSS reinforcements and HSC
crushing at the beam-column interface and joint core resulting in shear failure.

The protective layer concrete in the core of the joint EJN1 almost all fell off. For joints
EJH1 and EJH2, few concrete spalling formed in the beam-column interface due to the
bond-slip cracks because it adopted HSS reinforcements in the beam. The concrete crush-
ing of joint EJH1 was a little more severe than the specimen EJH2 in the joint due to
the former having a higher shear compression ratio, which had a much adverse effect on
the failure mode of the joints. Specimens EJH1 and EJH2 had 22% and 33% less beam
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Fig.6 Layout of strain gauges, LVDTs and dial indicators: a layout of strain gauges at longitudinal rein-
forcements of the beam, b layout of LVDTSs, and ¢ layout of dial indicators
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Failure

(b)

Failure

(©

Fig.7 Crack patterns and failure modes of all specimens: a EJH1, b EJH2, ¢ EIN1, d SEJHI, e SEJH2, f
SEJH3, g SEJH4, and h SEJH5

reinforcements, respectively, compared to EJN1, and occurred in shear failure and bond
failure of the beam longitudinal reinforcement. Therefore, the bond strength between HSS
reinforcements and HSC should be improved and the anchoring length should be enhanced.
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Fig.7 (continued)

Compared with those beam-column joints with HSC and normal-strength steel bars, the
HSS reinforcements in HSSFRC initially yielded at higher load and displacement due to
better consistency between HSS reinforcements and HSSFRC, larger cohesion and bond-
ing strength, and higher deformation tolerance before failure in HSSFRC. From the Fig. 7
and Table 5, using HSSFRC could significantly enhance the crack load and load bearing
capacity compared with specimens with HSC. This phenomenon was attributed to steel
fiber delaying the initiation of internal micro cracks, forcing cracks further development
to absorb more energy, thus the load bearing capacity was enhanced. The usage of HSS-
FRC materials enhanced the tensile strength and alleviated shear failure by improving
bond strength due to the steel fiber bridging effect, which could delay the slippage of HSS
reinforcements in the beams. There was no concrete crushing in beam-column joints with
HSSFRC accompanied by opening or closing of cracks. Finally, the specimens with HSS-
FRC and HSS reinforcement occurred joint shear failure accompanied by the yielding of
the beam longitudinal HSS reinforcements.

Specimens SEJH3-SEJHS with HSSFRC in different concreting patterns exhib-
ited similar cracking development and failure modes compared to SEJH2 with HSSFRC
in the entire specimen. For specimen SEJH4 with an HSSFRC area of 350 mm, the fine
and dense cracks concentrated in the steel fiber reinforced region after yield load, and
the width increased along with hairline cracks. While specimen SEJHS with an HSSFRC
area of 550 mm, the cracks spreading region was much larger and the number in the steel
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Table 5 Test results

Spec P, (kN) P,(kN) P,(kN) A (mm) A,(mm) g  E(KNm) Kq&Nmm) K, (%)
EJHI(+) 925 1708 2462 215 85.1 3.97 424 19.4 16.9
EJHI(-) 633 1890.1 2381 279 852  3.05
EJH2(+) 840 1442 2123 223 90.9  4.08 426 21.9 15.1
EJH2(-) 79.9 1672 2049 29.1 953 327
EINI(+)  90.1 1563  217.1 150 592 396 33.3 15.1 17.3
EINI(-) 840 1875 2259 333 89.6  2.69
SEJHI(+) 87.7 176.6 2431 229 904 395 453 122 19.2
SEJHI(-) 62.3 1712 2377 247 903  3.66
SEJH2(+) 80.9 1656 2205 229 100.7 439 510 14.9 14.9
SEJH2(-) 91.4 1909 2299 299 1062 355
SEJH3(+) 82.9 1436 2076 19.6 940 479 41.0 10.7 17.9
SEJH3(-) 83.6 1668 2085 272 979 36
SEJHA(+) 85.3 1442 1989 220 1021 4.65 363 12.7 18.0
SEJH4(-) 82.3 1647 2186 267 903  3.38
SEJH5(+) 79.9 168.5 2289 229 99.7 435 38.1 12,5 18.3
SEJH5(-) 82.0 1704 1995  29.1 914  3.14

Spec., Specimens; (+), positive load; (—), negative load; P, crack load; Py, yield load; P,, peak load; Ay,
yield displacement; A, maximum displacement; yu, ductility (Au/Ay); E,, total cumulative energy dissipa-
tion; Kj, initial stiffness; K|, retained stiffness ratio in the failure stage

fiber reinforced region was more than those without HSSFRC. On the contrary, specimen
SEJH2 with HSSFRC area of the whole beams, much more fine and dense cracks spread
to the support. There was no concrete crushing in these beam-column interfaces and joints
with HSSFRC of a certain length in beams accompanied by opening or closing of cracks.
But SEJH3 with HSSFRC only in the joint, the concrete spalling at the beam-column inter-
face after slippage of HSS reinforcement at the beam end, followed by severe shear cracks
formation and concrete spalling in the joint. Based on the crack observation and concrete
spalling, HSSFRC area could induce a certain length of crack development and HSSFRC
area of 1.5 times of effective beam height (550 mm) in the beams was efficient for reinforc-
ing the area to achieve better bonding performance of HSS reinforcements and HSSFRC.

3.2 Hysteretic behavior

The hysteretic curves of all specimens are shown in Fig. 8, reflects the relationship between
the load and displacement of eight specimens under quasi-static cyclic loading. The shape
of the hysteretic hoop of the BCJs gradually developed from shuttle shape to bow shape.
In the initial loading stage, the load and displacement increased linearly showed the speci-
mens were in elastic stage. With the development of cracks and the number of cycles, the
deformation of specimens increased nonlinearly due to plastic deformation. Finally, the
slope of hysteresis curve decreased as well as the strength of the joints degraded continu-
ously. The pinching performance in the curves was related to the reinforcement slippage,
tensile cracks, concrete spalling and shear failure.

Compared with specimen EJN1, the hysteretic curves of EJH1 and EJH2 with the
reduction of 22.6% and 33.3% longitudinal reinforcement ratio, respectively, were
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wider, and the peak load and maximum displacement were larger. This indicated that
the efficacy of HSS bars in hysteretic area, load bearing capacity and deformation
capacity of BCJs. Furthermore, EJH2 specimen showed a narrower hysteretic hoop and
severer pinching than EJH1 due to the latter having the higher shear compression ratio,
which derived from bond-slip of beam longitudinal reinforcements. Therefore, sufficient
anchorage length was important in the hysteretic performance of exterior BCJs rein-
forced by HSS bars. Alavi-Dehkordi et al (2019) also reported the same results.

The usage of HSSFRC and HSS reinforcement materials in beam-column joints
improved capacity and deformation capacity and enhanced the loop area without appar-
ent strength and stiffness degradation compared to specimen EJIN1, which was attributed
to the effect of steel fiber bridging, enhancing the bonding strength of HSSFRC and
HSS reinforcements. The hysteresis curves of specimens SEJH1 and SEJH2 reinforced
by HSSFRC were wider than those of specimens EJH1 and EJH2 with HSC, and the
pinching in the middle of the hysteresis loop was improved. Compared with EJH2, the
post-yield behavior and final deformation of specimens SEJH3-SEJH5 were improved.
This can be attributed to the improved tensile strength, the good bonding capacity of
HSSFRC and HSS reinforcements resulting in smaller slippage of HSS bars. While the
specimens SEJH3-SEJHS reinforced by HSSFRC in different regions exhibited similar
hysteresis response when compared with HSSFRC used in entire specimen, which was
because HSSFRC delayed the occurrence and propagation of the shear cracks, espe-
cially in the joint region. Moreover, the specimens SEJH4 and SEJHS reinforced with
HSSFRC in the joint area and 1-1.5 times of effective beam height had better hysteretic
performance than the specimen SEJH3 with HSSFRC only in the joint. In general, the
hysteretic curves were stable due to slight damage in the joint and small slippage of
longitudinal HSS reinforcements, and the joints exhibited stable performance up to the
displacement of 90 mm, which indicated that the joints with HSS reinforcements and
HSSFRC was suitably designed to withstand the seismic load.

Fig.9 Envelop curves of beam- 300
column joint specimens
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3.3 Envelope curves and ductility

Figure 9 shows the load—displacement skeleton curves of exterior BCJs, which responded
to the deformation capability and bearing capacity of joints. Specimens with HSS bars
experienced a longer yield stage than EINI indicated better deformation capacity. At the
later stage, the deformation capacity of specimens EJH1 and EJH2 were larger than that of
specimens EJN1 for the former using HSS bars, which improved the ductility of the joints
(see Table 5). The specimen EJH1 with higher shear compression ratio represented better
bearing capacity compared with specimen EJH2 under the same displacement level. The
bearing capacity of SEJH1 and SEJH2 were nearly similar to EJH1 and EJH2, which con-
cluded that steel fiber had little effect on the improvement of load capacity. The load degra-
dation rate of specimens EJH1 and EJH2 was faster than that of specimens SEJH1-SEJHS
due to the former having more severe concrete spalling. It is because the better bonding
performance of HSS reinforcements and HSSFRC prevented the early slippage of beam
reinforcement and reduced the load degradation rate during cyclic loading. Although the
compressive strength of HSC and HSSFRC was comparable, the maximum deformation of
all specimens SEJH1-SEJHS with steel fiber reinforced concrete was greater than that with
HSC due to HSSFRC having higher tensile strength and improved HSSFRC bonding with
HSS reinforcements. These results were attributed to the bridging effect of steel fibers and
the mechanism of anti-cracking, which allowed larger deformation under the same condi-
tion. In general, HSSFRC improved the post-yield behavior of specimens, but it is basically
the same in the elastic range.

Ductility, u, one of the important indicators of seismic performance, is defined as the
ratio of maximum displacement (A,) corresponded to 85% of the peak load to yield dis-
placement (A,). Yield displacement is usually assessed based on two different methods:
balance of energy and general yielding (Dabiri et al. 2020; Li et al. 2013; Kheyroddin et al.
2021). The method used in this study is based on the balance of energy as shown in Fig. 10.
A secant line passing the origin point O and a point I on the curve intersected the peak load
at point A. The secant line should be moved to obtain two equal shaded areas. Thus, point
A is regarded as the yield displacement.

The ductility of specimen EIN1 was least due to serious concrete crushing and spalling
in the joint core area. While the ductility of specimens EJH1 and EJH2 were improved by
using HSS bars resulting in larger maximum displacement. The ductility of specimen EJH2

Fig. 10 Definitions of yield and P
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was greater than that of specimen EJH1, because the reduction of shear compression ratio
improved the deformation capacity. Specimens SEJH1 and SEJH2 exhibited 14% and 17%
greater ductility than specimen EJN1, which due to the better bonding of HSS bars and
HSSFRC resulted in the increased deformability and ductility of these specimens. When
the HSSFRC was used in the joint core and extended to the beam end at a distance also
enhanced the ductility obviously, which was consistent with the slower drop of the skeleton
curve. The decreased of ductility in specimens without HSSFRC was mainly related to the
slippage of longitudinal HSS bars and the concrete spalling in the plastic hinge and joint
region. And with the increase of the application range of HSSFRC, the improvement effect
gradually decreased for specimens SEJH3-SEJHS.

3.4 Stiffness degradation

Stiffness degradation is also one of the important indexes of seismic performance of the
structures, which reflects the degradation process of structural stiffness. Stiffness degrada-
tion is assessed by the secant stiffness variations in each cycle. The secant stiffness, Kj, is
calculated as:

_ [#R|+|-Fi
Y @

where + F; and F; represent the maximum load in the positive and negative direction of the
ith cycle, respectively; +A4; and -A; represent the equivalent displacement of the ith cycle,
respectively.

Figure 11 shows the stiffness degradation curves. It is worth mentioning that the
stiffness decreased with the increase of the displacement, which was determined by the
increase of accumulated damage in the specimens. The secant stiffness degraded faster
before yielding due to the occurrence and development of cracks, and then the displace-
ment increased faster while the load increased slower, and the slope of the stiffness degra-
dation curve decreased gradually. When reaching the peak load, the displacement increased

Fig. 11 Stiffness degradation 25
curves
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rapidly as the load changed little, and the stiffness degradation curve was gentle. Spec-
imens with HSS bars exhibited similar secant stiffness to that made of normal-strength
steel bars. This showed the efficiency of the beam and column longitudinal reinforcements
with HSS bars in specimens EJH1 and EJH2 while the beam-column longitudinal rein-
forcements were reduced by over 22%. The spreading steel fibers had the advantage of
controlling crack propagation. This behavior could result in higher energy requirements for
steel fiber debonding and pulling out near the cracks. Thus, the stiffness degradation of the
specimens SEJH1-SEJHS5 with HSSFRC was much slower.

The stiffness degradation ratio, normalized to a dimensionless parameter to eliminate the
influence of the initial stiffness and obtained by dividing each secant stiffness value of the
specimens by the initial secant stiffness, versus displacement curves are shown in Fig. 12.
The stiffness degradation ratio of the two specimens EJH1 and EJH2 with HSS were higher
than EJN1, due to the large number of flexural and shear cracks as well as accompanied
by severe concrete spalling that occurred in EJN1. Specimens EJH1 and EJH2 had a lower
stiffness degradation ratio than the five specimens with HSSFRC, which can be attributed
to strain hardening by improving the tensile deformability of concrete through reinforced
with steel fiber in the joint and plastic hinge area and insufficient bonding between the
beam longitudinal reinforcement with HSS bars and HSC due to inadequate development
length. While HSS bars coupled with HSSFRC could alleviate the stiffness degradation
rate. In general, the stiffness degradation of specimens SEJH1-SEJHS with HSSFRC was
much slower due to the improved cracking resistance and tensile strain after yielding. Spec-
imen SEJHS, which was reinforced with steel fiber in the joint and 1.5 times of effective
beam height, had the slowest stiffness degradation. Furthermore, the remained stiffness of
specimens SEJH3-SEJHS was also relatively higher (see Table 5), indicating that HSSFRC
had the ability to maintain enough strength and stiffness after failure.

3.5 Energy dissipation and damping ratio

The energy dissipation capacity of BCJs is an important parameter to evaluate seismic per-
formance, which is equal to the enclosed area of a hysteresis loop. And the cumulative
energy dissipation is calculated by summing the areas of all hysteretic loops.

Fig. 12 Stiffness degradation 12
ratio versus displacement curves
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Figure 13 shows the cumulative energy dissipation of all exterior joint specimens against
the displacement. At the initial stage, the camulative energy dissipation of each joint was sim-
ilar, and the difference increased when the displacement exceeded 30 mm. Compared with
specimen EJN1, the cumulative energy dissipation of specimens EJH1 and EJH2 increased
about 28%, showed that the efficiency of HSS bars when used as the beam longitudinal rein-
forcements with a reduced amount of over 22% for larger hysteretic loops and higher bearing
capacity. Moreover, a larger bond-slip of beam reinforcements occurred in specimen EJN1
resulting in lower energy dissipation.

SEJH1 and SEJH2 had the largest cumulative energy dissipation, which were 6% and
20% higher than EJH1 and EJH2 (see Table 5), respectively, indicating that HSSFRC had
significant advantages in improving the energy consumption capacity of BCJs. This was
mainly due to steel fiber in HSC restrained the development of cracks and improved the
concrete spalling. Moreover, SEJH1 and SEJH2 had wider hysteretic hoops and higher
load capacity made with HSS bars coupled with HSSFRC, indicating that the efficiency of
HSS bars in energy dissipation because of excellent bond strength between HSS bars and
HSSFRC. While the HSSFRC in different concreting regions has little significant positive
effect on energy dissipation. Additionally, the specimens SEJH3 with the smallest HSS-
FRC placement region among specimens SEJH1-SEJH3 showed the highest cumulative
energy dissipation due to the relatively severe damage in the joint area.

The increasement in the cumulative energy dissipation was mainly due to higher ten-
sile strength of HSSFRC and HSS reinforcement material. The higher tensile strength of
HSSFRC was mainly dependent on the steel fiber energy absorption mechanism, which
governed the improvement of the joint performance. The limited enhanced compressive
strength could not alleviate joint shear failure. These findings were in agreement with the
experimental results performed by Saghafi and Shariatmadar (2018).

Generally, the equivalent viscous damping ratio is used to measuring the energy dis-
sipation capacity of structures, and the equivalent viscous damping ratio, A,, is calculated
according to formula (3) (Wang et al. 2017).

1 SABCD

Y Socr + Soae

3)
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where the area of hysteresis loop S,pcp represents the energy dissipated by the member
under the loading cycle, and the sum of area Syp and So, 5 show the energy absorbed (see
Fig. 14). It can be seen from Fig. 15 that the equivalent viscous damping ratio of the speci-
men was small with a downward trend before yielding and increased rapidly after yield-
ing. When reaching the peak load, the equivalent viscous damping ratio began to decrease
slowly.

The specimens EJH1 and EJH2 showed higher equivalent viscous damping ratio than
EJN1 before yielding, and the growth rate were faster after yielding, but the decline
rate was slower than EJN1. These results showed that HSS bars improved the elastic
deformation and inelastic deformation of the exterior BCJs under cyclic loading, thus
enhanced energy dissipation capacity. The equivalent viscous damping ratio of speci-
men EJHI was smaller than EJH2, as the shear compression ratio increased resulting
in the energy dissipation capacity decreased. Due to the proper bonding between HSS
and HSSFRC, the absence of pinching and larger hysteresis loop, the HSSFRC speci-
mens have higher equivalent hysteresis damping coefficient than the HSC specimens.
These results showed that HSSFRC was conducive to the energy dissipation capacity

@ Springer



Bulletin of Earthquake Engineering (2023) 21:2785-2815 2805

as the steel fiber in the HSC transferred the stresses across the joints in some extend.
Compared with the fiber reinforced specimens, the equivalent viscous damping ratio of
specimens SEJH4 and SEJHS was the highest, and the energy dissipation capacity was
the strongest at the later stage of loading.

3.6 Joint shear deformation

In this test, two LVDTs showed in Fig. 6b were placed in the diagonal direction of the
core area, respectively, which were used to measure the expansion and contraction of
cores, then the shear deformation of the joint can be calculated through the geometric
relationship. The shear deformation, y, in the joint is shown in Fig. 16 and is calculated

by Eq. (4) as follows:

2 2
VO + 17 15, + 51| + |6, + 83)) @)

Y T on

where b and & are the width and height of the joint cores between the LVDTs, respectively,
8,+ 6, and 8,+ 8, are the deformations of two LVDTs, respectively.

According to Eq. (4), the shear deformation in the core area of each exterior joint
was calculated. Figure 17 shows the shear force versus shear deformation hysteretic
curves of each exterior joint.

There was a small shear deformation before specimens yielded. After that, the shear
deformation increased obviously, which attribute to concrete spalling and diagonal
cracks development. The use of HSS reinforcements in specimens increased the shear
deformation and shear force of joints. In addition, the shear deformation of joints was
significantly reduced with the smaller shear compression ratio. This trend was more sig-
nificant in HSS reinforcement specimens. Unlike the specimens EJH1 and EJH2, the
shear deformation of joints SEJH1-SEJHS5 with HSSFRC decreased. And the maximum
shear deformation of the specimens SEJH3-SEJHS5 reinforced with HSSFRC in differ-
ent regions was smaller than the unreinforced specimen EJH1. As HSSFRC with higher
tensile strength limited the development of cracks and reduced the shear deformation of

the joint core.

Fig. 16 Shear deformation of NG
.7 N
joint core area yd‘ I 4
SR / ]
lzl 1/ ~
/ M.
) (0N
S
b

@ Springer



2806

Bulletin of Earthquake Engineering (2023) 21:2785-2815

1200

900
600

300

s

-300

Shear force (kN)

W )

-600

ha

-900

-1200 .
-0.2

-0.1 0.0 0.1

Shear deformation (rad)

@

1200

0.2

900

600

300

0
-300

Shear force (kN)

-600

-900

-1200

L I H
-0.06  -0.04 -0.02 0.00 0.02

Shear deformation (rad)

©

1200

L
0.04

0.06

SEJH2
900

600 A\

300

) )

-300

“Shear force (KN)

-600 -
-900 -

-1200 L I i L

-0.06 -0.04 -002 000 002 0.04

Shear deformation (rad)

©

1200

0.06

900

600

300
0

-300

Sheexfared A,

-600

-900

-1200

L I H
-0.06 -0.04 -0.02 0.00 0.02

0.04

Shear deformation (rad)

(€3]

Fig. 17 Hysteretic curves of shear force-shear deformation: a EJH1, b EJH2, ¢ EIN1, d SEJHI, e SEJH2, f

SEJH3, g SEJH4, and h SEJH5

@ Springer

0.06

Shear force (kN)

Shear force (kN)

Shear force (kN)

Shear force (kN)

1200

900

600

300

0

2%

-300

[

-600

(=

-900

il

-1200 L

-0.06

-0.04

H L
-0.02  0.00 0.02 0.04 0.06

Shear deformation (rad)

(b)

1200

[SEJH|
0

o o
S 2
=3

w

=]

S
T

0

-300

Iq

-600

-900

-1200

H
-0.06  -0.0

1200

I H H
4 -0.02 0.00 002 004 0.06

Shear deformation (rad)

(d)

SEJH3
900

600

300

0

-300

-600 -
-900

-1200 L

-0.06

1200

-0.04

-0.02  0.00 002 004 0.06

Shear deformation (rad)

®

SEJHS

o
=1
S

>N
=]
S

¥7)

w

=]

S
T

0

v/

-300
-600

-900

-1200 L

i,
VVV

-0.06

-0.04

I L
-0.02  0.00 0.02 0.04 0.06

Shear deformation (rad)

(b)



2807

Bulletin of Earthquake Engineering (2023) 21:2785-2815

g
Britt]
Rttt

0
23000

R

(5-01 x)JUSWDIOFUIAI WIEAQ I UIRNS

g

2 =
SEFL
k_&_AH
ftte
TeET
<9< < <H

: 8§ - ¢

(5-01 x))USWDIOFUIAI WILAQ JB UIRNS

g

16 20

12

Bar strain gauge number

16 20

12

Bar strain gauge number

(=]

(b)

(@

5

{e

sk
A 555 L

- QR -
A0S

1353,
RRES

- L o

g

0
-3000 |
6000

- _

(5-01 x))USWDIOFUIAI WL I8 UIeNS

(=]

o

42

= HE
SRS
Lihhe

by
W o o0 2
TCTT

LA A <H

L o

g

N

(5-01 x)JUSWDIOFUIAI WL I8 UIeng

-3000 |
6000

Bar strain gauge number

Bar strain gauge number

(d)

©

Y
oy

-3000 +

g

(5-01 x yudwdIOJUIRT WL I8 Ureng

16.2
19.4
22.8
31.3
A=62.2

5.6 —o— A

14 —«— A
3.6 —— A

—v—A92 —*—A

—A— A

——A

—a— A

g

9000
6000
3000-
. \
23000

(5-01 x JUSWRdIOJUIT WL I8 UIeng

16 20

12

Bar strain gauge number

16 20

12

Bar strain gauge number

®

(e
Fig. 18 Strain curves of longitudinal reinforcements of beams:

SEJH2, f SEJH3, g SEJH4, and h SEJH5

, ¢ EIN1, d SEJHI, e

b EJH2

a EJHI,

pringer

N's



2808 Bulletin of Earthquake Engineering (2023) 21:2785-2815

6000 6000

£ —=—A=13 A=164 < —=—A=18 —+— A=157
< ——A=32 —»— A=208 < —o—A=3.8 —— A=204
T 3000 |4 A5 —e—A=249 Z 3000f frA—A=6.1 —e—A=29.1
g —¥— A=9.2 —— A=5] 7. g v A=8.5 —*— A=57.7
3 o A=13.1 —o—A=T29 8

< \ 8

R=i OFegg395 < _=]

8 S£2 g

=} g |
g 3 |
= 3000 < -
< ) |
g g \ |
g 5] \/
*a a .

_G(Xx) 1 1 1 1 _6000 1 1 1 1
0 4 8 12 16 20 0 4 8 12 16 20
Bar strain gauge number Bar strain gauge number
(& (h)

Fig. 18 (continued)

3.7 Strains of the beam longitudinal reinforcements

The measured strains of the upper and lower beam longitudinal reinforcements of the
first cycle under different displacement loading is shown in Fig. 18. With the appear-
ance and expansion of diagonal cracks in the core area, the longitudinal reinforcements
at the hook of the beam reinforcements yielded, where the strain had exceeded the yield
strain when the reinforcements at the end of the beam yielded, and tensile strain at the
low part was larger and more uniform.

The tensile strains of the horizontal section at the anchorage end and the beam end
were higher, and the yielding of the reinforcements permeated from the beam end to
the anchorage end, which led to the bond degradation of the beam reinforcements under
reversed cyclic loading. With the increasing displacement, the strain at the vertical sec-
tion enhanced slightly, and the strains were almost zero at the end of the vertical sec-
tion. Compared with specimen EJN1, the strains of beam reinforcements in specimen
EJH1 were similar to specimen EJH2. The tensile strain at the beam end and horizontal
anchorage section increased, and the maximum tensile strain occurred at the beam end
and the hook of beam reinforcements. The strains of the specimen EJH2 with lower
shear compression ratio were more uniform, while the strains of the vertical section
increased slightly. Unlike the specimens EJH1 and EJH2, the tensile strains of the
beams in the specimens SEJH1 and SEJH2 were more uniform, and the tensile strains at
the end and horizontal anchorage section were reduced, because the crack distribution
and development in the core area were more uniform with the addition of HSSFRC. And
HSSFRC limited the occurrence and development of cracks and enhanced the bonding
of beam reinforcements. Also, the specimens SEJH4 and SEJHS exhibited more uni-
form strains than specimen SEJH3, and the tensile strains of the beam reinforcements at
the beam end and the horizontal anchorage section were greatly reduced, indicating that
HSSFRC limited the occurrence and development of cracks and enhanced the bonding
of beam reinforcements.
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3.8 Degradation of the bond stress

The oblique cracks in the joint core area were extended after beam longitudinal bars
were yielded. Under the cyclic loading, the slip of beam longitudinal reinforcements
caused an adverse effect on the measurement of the beam reinforcement strain. How-
ever, it can be considered that the strains of the beam bars through the joint segment are
linear from the general trend of the test results. Thus, the bond stress between the beam
bars through the joint segment and the concrete was distributed evenly. Therefore, by
measuring the strain values of the beam longitudinal bars at the beam-column interface,
the average bonding stress 7, on the surface of the beam longitudinal bars across the
joint section under different loading can be calculated according to Eq. (5) (Harajli et al.
2002).

T, —C
T, = b;lch sl (5)
where Ty, and C are the tension and compressive force of the upper bars at the beam-
column interface, respectively. The tension force was regarded as positive and the compres-
sive force was defined as negative. A, is the length of the horizontal anchoring segment; S,
is the perimeter of reinforcements.

The bond stress ratio is the ratio of average bond stress 7, to the ultimate average
bond stress 7,,, and bond stress ratio versus displacement ratio relationship of all spec-
imens is shown in Fig. 19. The bond stress ratio of specimen EJH1 decreased faster
compared with EJH2, which indicated that reduced the shear compression ratio could
slow down the bond degradation of beam reinforcements in both loading directions. The
bond stress ratios of specimen EJN1 was much lower than the other specimens with
HSS bars, regardless of HSSFRC, which showed that the bond degradation performance
of high-strength reinforcements was enhanced. The bond degradation of the specimens
SEJH1-SEJH5 with HSSFRC was better than specimens with HSC, showing the excel-
lent bond performance of the combination of HSSFRC and HSS bars.
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Fig. 19 Bond stress curve: a positive, and b negative
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3.9 Slippage of the beam longitudinal reinforcements

The hysteretic curves of the moment of beam end and slip of beam longitudinal bar, meas-
ured via dial indicators (Fig. 6¢), are shown in Fig. 20.
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Fig.20 (continued)

The slip of the beam reinforcements of the specimen EJN1 was smaller than that of
the specimens EJH1 and EJH2. It showed that the increase of reinforcement strength
could enhance the slip of reinforcements in the section through the joint. Compared with
the specimens EJH1 and EJH2, the slip amount of the specimens SEJH1 and SEJH2 were
smaller, which indicated that the HSSFRC was more excellent than the HSC in reduction
the slip of the beam reinforcements when coupled with the HSS bars. And the slippage
of specimens SEJH3-SEJHS reinforced with HSSFRC in the core area or beam end was
smaller than that of EJH2. Therefore, HSSFRC had a positive influence on the slip of beam
reinforcements through the joint section.

4 Prediction of failure mode and strength

The design shear strength of BCJs and the shear force when the beam reached the peak
load was compared to predict the failure modes. GB 50010-2010 (2010) specifies that the
shear strength formula of joints, V. gp, is as follows:

Fig.21 Force distribution of
BCIs N V
Th=fy4:
s 3
Cb:f YAs
Ve L
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v M0 =% 005N
— T 005 b, (6)

oo < L1nfibih; + £, Ag; °
where 7; is the constraint influence coefficient of orthogonal beams on joints; f; is the ten-
sile strength of concrete; i; and b; are the height and width of the joint; fj, is the yield
strength of stirrup; Ay is the effective height of the beam; A, is the sum cross section area
of each stirrup in the same calculation direction within the effective calculation width; N is
the axial force; and b, is the width of column section.

Figure 21 presents the force distribution of BCJs. Considering the equilibrium condi-
tion, the relationship between the column shear force and the beam shear force can be
calculated by Eq. (7):

Vclb
l

Yy = )

where [, and [, are the clear spans of the column and beam, respectively; V. and V, are the
shear force of the column and beam, respectively.

The horizontal shear force, Vj,, is calculated by the following equation according to
the equilibrium condition.

fyAs(th - LZ;) +fyAg(hb0 - a;) + Vbhc = Vclc (8)

Vin =f, A +AAL = Ve ©)

where f; is the yield strength of beam longitudinal reinforcements; A, and A; are the beam
longitudinal reinforcement areas under the tension and compression, respectively; A, is the
height of column section.

The shear force, th, can be calculated by substituting Eqs. (7) and (8) into Eq. (9) as

follows:
ZMb < th - a: >
Vi=——1—- — 10
" hyy—al H, —h, (10)

where Y'M, is the sum of bending moments at positive and negative loading directions;
hy is the effective height of the beam section; &, and H, are the height of beam section

Table 6 Shear capacity of joints Specimens Vin (kN) Vege (kN)  Failure mode Vil Vea

EJH1 979 819 Joint failure 1.20
EJH2 843 819 Joint failure 1.03
EJN1 895 819 Joint failure 1.09
SEJH1 972 874 Joint failure 1.11
SEJH2 911 874 Joint failure 1.04
SEJH3 853 845 Joint failure 1.01
SEJH4 853 845 Joint failure 1.01
SEJHS 853 845 Joint failure 1.01
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and column, respectively; and a; is the distance from the compression reinforcement to the
edge of the compression region.

Table 6 shows the prediction results of failure mode and shear strength of all specimens.
Vi is the shear force, calculated by Eq. (10), applied on the BCJs when the beam reached
the peak load. The shear strength, Vg, is calculated by Eq. (6) in accordance with GB
50010-2010. The shear force of the BCJs was higher than the shear strength. Namely, the
shear force V;;, was 1.01-1.20 times larger than shear strength V,,p. Therefore, the BCJs
exhibited shear failure in the joint, which was agreed with the experimental results.

The shear force of specimen EJH1 with 12.4% higher shear compressive ratio was
9.3% higher when compared with specimen EJN1, indicating that shear compressive ratio
enhanced the shear capacity significantly. While the shear force of specimen EJH2 with 4%
lower shear compressive ratio was 6% lower compared to specimen EJN1. These results
showed that reinforcement grade had little effect on the shear capacity. The shear strength
of specimens reinforced by HSS bars coupled with HSSFRC was predicted well using GB
50010 code, which had a mean of 1.04 and COV of 4.2%. Moreover, the shear force of
specimen SEJH2 was 8% higher than specimen EJTH2, which contribute to HSSFRC having
positive effect on the shear capacity.

5 Conclusion

In this study, eight full-scale exterior BCJs, seven HSSFRC specimens with HSS bars,
and one HSC joint with ordinary steel bars were designed and subjected to reversed cyclic
loading to evaluate the effect of HSSFRC coupled with HSS bars on the seismic perfor-
mance. The conclusions are as follows:

Performance of specimens with HSS bars coupled with HSSFRC was found to be sat-
isfactory in terms of improved concrete crushing, enhanced ductility, decreased slippage
of beam longitudinal reinforcements due to improved bond degradation between HSS bars
and HSSFRC. Specimens with HSS bars exhibited comparable failure modes, secant stiff-
ness and energy dissipation to that with normal-strength steel bars.

Specimens EJN1, EJH1 and EJH2 failed in flexural failure due to bond-slip of beam
reinforcements resulting in formation of the plastic hinge and followed by shear failure due
to the severe concrete crushing. While SEJH1-SEJHS showed shear failure in the joint with
a little concrete spalling because HSSFRC had a positive effect on crack development and
failure mode of joints with HSS bars.

Using HSS bars but with a lower reinforcement amount would increase the peak load of
BCJs with identical beam flexural strength as well as enhanced hysteretic hoop area. The
development length should be more conservative for BCJs with HSS bars, or it could be
controlled if the HSSFRC was incorporated, which would improve the bond condition and
prevent bond-slip of HSS bars.

The shear compressive ratio increased the peak load, but HSS bars led to the sever-
est concrete crushing, smallest ductility, and largest beam slippage in joint EJH1. While
specimen SEJH1, which had the same shear compressive ratio but increased by HSSFRC,
exhibited better failure mode, ductility and energy dissipation.

The shear failure mode in the joint was predicated according to the formulae in accord-
ance with GB 50010 and was agreed with the experimental results. The shear strength of
specimens reinforced by HSS bars coupled with HSSFRC was predicted well using GB
50010 code, which had a mean of 1.04 and COV of 4.2%.
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According to the experimental results, HSSFRC could induce a certain length of crack
development, and it is recommended that an HSSFRC area of at least 1.5 times of effective
beam height at the beam end was efficient for reinforcing the area to restrain the slippage
of HSS bars and achieve better bonding performance of HSS reinforcements and HSSFRC.
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