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Abstract
In this paper, steel–polyethylene hybrid fiber-reinforced strain-hardening cementitious composites (HECC) are applied in 
beam–column external joint core region to form a novel HECC/reinforced concrete (RC) composite beam–column joint with 
reduced anchorage length of beam longitudinal rebar and eliminated transverse rebar, and thus to alleviate rebar congestion 
and simplify the construction process efficiently especially for precast RC frame structures. Five external beam–column 
joint specimens are constructed and tested under cyclic loading to illustrate the influences of the anchorage length of beam 
longitudinal rebar and longitudinal rebar ratio on the seismic performance of beam–column joint. The effects of design 
parameters on seismic performance, including hysteresis behavior, degradation of strength, energy dissipation capacity, and 
cracking patterns are discussed in detail. Experimental results indicate that the replacement of normal concrete with HECC 
in beam–column joint core region could apparently reduce the amount of stirrups in the joint core area while maintaining 
reliable seismic behavior. Remarkably, specimen with no stirrups in the core area exhibits nearly equivalent seismic behav-
ior to that of the control RC specimen. Furthermore, the application of HECC in joint core area allows for a substantial 
reduction of the required anchorage length for the beam longitudinal rebar to 9d, which further simplifies the construction 
process considerably.

Keywords Hybrid fiber-reinforced strain-hardening cementitious composites (HECC) · External beam–column joints · 
Anchorage length · Transverse rebar · Seismic performance

1 Introduction

As one of the simplest, most fundamental, and most widely 
used structural systems, reinforced concrete (RC) frame 
structures often exhibit failure in the connection between 
the components under seismic action, leading to overall col-
lapse of the structure [1]. Beam–column joint, serving as 
the transfer hinge of force resulting from beam and column, 
is considered as the most critical component to maintain 
the expected bearing capacity and ductility of the frame 
structure [2]. To ensure optimal seismic performance and 

mitigate the risk of the shear failure and local bond damage 
in the beam–column joint core area, standards such as ACI 
318 [3] and GB 50010-2010 [4] prescribe the inclusion of 
sufficient transverse rebar and beam longitudinal rebar in the 
joint core area. In particular, for precast RC frame structures, 
prefabricated beams and columns are usually assembled by 
pouring concrete into joint area on site. In the premise of 
exhibiting equivalent behavior with cast-in-place ones, the 
design stipulations applicable for cast-in-place joint should 
be strictly adhered to and additional stipulation such as the 
longitudinal rebar of the beams should be anchored within 
the joint core area with 90° hooks [5] should also be com-
plied with in precast RC frame structures. These yield intri-
cate rebar configurations and congestion in the joint core 
area, augmenting the complexity and difficulty of in situ 
construction as depicted in Fig. 1, which not only adversely 
affects construction efficiency but also elevates the con-
cealed vulnerabilities when subjected to seismic load.

Engineered cementitious composites (ECC) reinforced 
with randomly distributed fibers at a volume fraction of 
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no more than 2% [6] is a novel category of fiber-reinforced 
concrete distinguished with outstanding characteristics [7]. 
It exhibits strain-hardening behavior with tensile strength 
and tensile strain capacity attaining 3–16 MPa and 2–10% 
separately [8] and saturated distributed multiple cracks with 
widths less than 100 μm [9]. Given the exceptional mechani-
cal properties of ECC materials, researchers have endeav-
ored to substitute concrete with ECC in the joint core region, 
aiming to enhance the seismic performance and simplify the 
rebar details of ECC/RC composite beam–column joints. 
Parra-Montesinos et al. [10] reported that beam–column 
joints constructed using ECC in the joint region exhibited 
excellent deformation capacity. Even when all the stirrups 
within the joint core area were omitted, and no special trans-
verse rebar was arranged in the beam plastic hinge regions, 
these joints maintained satisfactorily shear-bearing capacity 
and energy dissipation capabilities. Previous investigations 
[11] have indicated that the bond behavior between rebar and 
ECC significantly surpasses that of conventional concrete. 
Deng et al. [12] studied the effect of ECC matrix strength 
on bond behavior, and found that the ultimate bond strength 
increased by 2.14 times when the compressive strength of 
ECC increased from 27.7 to 57.2 MPa. Chao et al. [13] indi-
cated that the bond strength between rebar and ECC was 1.5 
times of that between rebar and traditional concrete with 
spiral stirrups. Additionally, Cai et al. [14] found that the 
coordinated deformation ability between ECC and rebar was 
better than that of concrete due to more ECC elements could 
participate in the transfer of load. Therefore, several experi-
mental studies have been conducted to reduce the anchorage 
length of beam longitudinal rebar in ECC joints. Zhang et al. 
[15] concluded that the anchorage length for the straight and 

headed bars could be reduced to 16d and 8.1d, respectively, 
in ECC joint. Additionally, Lee et al. [16] observed that ECC 
joints outperformed their concrete counterparts in terms of 
anchoring performance, resulting in mitigated pinching 
effect caused by beam longitudinal rebar slip.

In recent years, researchers [17] have indicated that 
hybrid fiber-reinforced ECC (HECC) could exhibit enhanced 
mechanical properties in comparison to traditional ECC 
because of the positive synergic effect of flexible fibers 
(i.e., polyethylene (PE) fiber, polyvinyl alcohol (PVA) fiber), 
and rigid fibers (i.e., steel (S) fiber) in various aspects [18], 
such as shear performance [19], elastic modulus [20], and 
shrinkage properties [21]. Additionally, Ding et al. [22] and 
Mao et al. [23] discovered that the bond strength between 
rebar and HECC can be further improved compared to that 
between ECC and rebar. However, there have been limited 
researches concerning the seismic performance of HECC/
RC composite beam–column joints. Ghayeb et al. [24] dem-
onstrated that joint specimen with S/PVA/PE-HECC used 
in core area and adjacent beam plastic hinge area possessed 
greater bearing capacity than PE-ECC joint and PVA-ECC 
joint, but lower than that of S-ECC joint. However, a note-
worthy finding was that the displacement ductility coeffi-
cient of S/PVA/PE-HECC specimen increased by 21% com-
pared to that of S-ECC. And the energy dissipation of the S/
PVA/PE-HECC specimen was also higher than that of PE-
ECC and PVA-ECC, suggesting that HECC joint displayed 
superior comprehensive seismic performance. Additionally, 
Chidambaram et al. [25] also pointed out that specimens 
using PP/S-HECC in joint core area exhibited higher duc-
tility and energy dissipation capacity than that of PP-ECC, 
S-ECC, and normal RC joint specimens. Therefore, accord-
ing to previous researches, it has been demonstrated that 
HECC/RC joint could achieve superior ductility and energy 
dissipation capacity than that of ECC/RC joint under seismic 
load. Furthermore, given that the utilization of ECC can lead 
to a reduction in the quantity of stirrups and the anchorage 
length of beam longitudinal rebar, substituting ECC with 
HECC could potentially preserve and even enhance these 
benefits. Nevertheless, it remains unclear to what extent 
the anchorage length of beam longitudinal rebar can be 
reduced and how many stirrups can be eliminated within the 
HECC/RC composite joint core area, which deserve further 
investigation.

Against this background, present research focuses on the 
seismic performance of HECC/RC composite beam–column 
external joints under cyclic loading with no stirrup rebar and 
shorter anchorage length of beam longitudinal rebar to sim-
plify construction process. The considered factors include 
the anchorage length of beam longitudinal rebar and beam 
longitudinal rebar ratio. The effects of these design param-
eters on hysteresis behavior, degradation of strength, energy 
dissipation capacity, and cracking patterns are thoroughly 

Fig. 1  Rebar congestion in beam–column joint
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analyzed. Furthermore, based on the analysis of slippage 
of beam longitudinal rebar, the anchoring performance in 
the HECC joint core area is discussed, and the possibility 
of shorter anchorage length of beam longitudinal rebar in 
HECC/RC composite joint is verified. The recommenda-
tions proposed in present research are vital for optimizing 
the rebar configurations and maintaining the seismic resist-
ance of HECC/RC composite beam–column joints, and thus 
reducing the construction difficulty and enhancing the con-
struction quality efficiently when precast beams and columns 
are assembled on-site.

2  Experimental program

2.1  .Specimen design

Five HECC/RC composite exterior beam–column joint spec-
imens were designed and prepared for testing under cyclic 
loading. The investigated parameters include the anchorage 
length of beam longitudinal rebar and beam longitudinal 
rebar ratio. Meanwhile, a control specimen using conven-
tional concrete was also prepared. Table 1 provides a sum-
mary of the design parameters for the tested beam–column 
joint specimens. Additionally, Fig. 2 depicts the geometric 
dimensions and rebar details for both the control specimen 
and the HECC/RC composite joint specimens.

Considering that the shear capacity of the joint core area 
is positively correlated with the size of the joint, to make 
the joint core area under more unfavorable stress condi-
tions, the dimensions of the column are 360 mm × 360 mm 
for HECC5 specimen (Fig. 2c), while those of other speci-
mens are 450 mm × 450 mm (Fig. 2a and b). The design of 
all these specimens adhered to the principle of strong col-
umn and weak beam. As depicted in Fig. 2, twelve longi-
tudinal rebars with a diameter of 20 mm, and a number of 
four-leg stirrups with a diameter of 10 mm and a spacing 
of 100 mm are arranged in the columns for all the joints 
specimens. For the beams, three longitudinal rebars with 

diameters of 20 mm for RC and HECC1–HECC4 speci-
mens (ρs is 1.1%) with different anchorage length in the 
joint core zone, while eight 20 mm longitudinal rebars for 
HECC5 specimen (ρs is 3.0%) to increase the shear stress 
of the core area are placed in the top and systematically in 
the bottom of the beam. Two-legged stirrups with an 8 mm 
diameter and spaced at 100 mm intervals are employed in 
the beams of all joint specimens.

According to the author’s previous research centered 
on the bonding behavior between rebar and HECC at the 
same strength designed in this study, the design anchorage 
length of rebar embedded in HECC could be set as 7.3d 
based on reliability analysis [26]. Therefore, the anchorage 
lengths (lab) of beam longitudinal rebars in the joint core 
zone are selected to vary from 6 to 18d. In contrast, the 
basic anchorage length of beam longitudinal reinforcement 
of 21d was applied to the control RC specimen, which 
was calculated using Eq. (1) [4]. Moreover, all the longi-
tudinal rebars of the beam are directly anchored into the 
joint region.

where α is shape factor (0.14 for deformed reinforcement); fy 
is reinforcement yield strength; ft is tensile strength of con-
crete. In this study, the standard values of fy and ft were used.

Notably, to leverage the improved tensile properties 
and shear behavior of HECC and simplify rebar details 
to the maximum extent, HECC1–HECC5 specimens 
removes all the stirrups within the joint core zone. It is 
worth emphasizing that if ordinary concrete with same 
compressive strength is used in joint core area of HECC5 
specimen, a stirrups ratio of 1.6% is required according 
to GB 50010–2010 [4] to avoid shear failure of the joint 
core area. In contrast, the control RC specimen designed 
according to GB 50010–2010 [4] features a four-legged 
stirrup with a 10 mm diameter and a 100 mm spacing in 
joint core area (ρsv is 0.69%) as shown in Fig. 2a.

(1)lab = �

fy

ft
d,

Table 1  Basic parameters of 
tested specimens

10, 20 denote the rebar with diameters of 10 and 20 mm, respectively; ρs is the beam longitudinal rebar 
ratio

Specimen Joint material Beam rebar Joint stirrup Column 
axial load 
ratioTop Bottom ρs Anchorage 

length lab

RC concrete 3 20 3 20 1.1% 21d 10@100 0.1
HECC1 HECC 3 20 3 20 1.1% 18d None 0.1
HECC2 HECC 3 20 3 20 1.1% 12d None 0.1
HECC3 HECC 3 20 3 20 1.1% 9d None 0.1
HECC4 HECC 3 20 3 20 1.1% 6d None 0.1
HECC5 HECC 8 20 8 20 3.0% 18d None 0.1
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Fig. 2  Geometric dimensions and rebar details of all the specimens

Fig. 3  Construction process of 
specimens

(a) Reinforcement assembling (b) Beam and column casting (c) Post-pouring of HECC
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The construction process of the joint specimens is 
depicted in Fig. 3. First, the reinforcements of the beam and 
column were assembled in the wood formwork, as shown in 
Fig. 3a. Then, concrete was poured into beam and column 
and cured until a certain strength to remove the formwork 
(Fig. 3b). It is worth emphasizing that some grooves were 
preset on the end of beams and columns to serve as shear 
keys to avoid interfacial shear sliding failure, as can be seen 
in Fig. 3b. Finally, the HECC was poured into the joint core 
area, as shown in Fig. 3c.

2.2  Material property

The cement-based material employed for the prefabricated 
columns and beams was ordinary concrete, while HECC was 
used exclusively within the beam–column joint core region. 
The prism compressive strength fc of ordinary concrete of 
150 mm × 150 mm × 300 mm in size tested according to the 
GB/T 50081-2019 [27] was 50.5 MPa at testing day. The 
mix proportion of HECC could be referred to [20], and the 
sand-to-binder ratio was selected as 0.82. The fibers used in 
HECC were the PE fibers with 1% volume fraction and the 
steel fibers with 1% by volume, respectively. And the physi-
cal and mechanical properties of fibers are listed in Table 2.

The tensile properties of HECC were assessed through 
uniaxial tension tests, following the guidelines recom-
mended by the Japan Society of Civil Engineers (JSCE) 

[28]. Figure 4 illustrates the tensile stress–strain curves of 
HECC. The results depicted in Fig. 4 reveal a distinct tensile 
strain-hardening behavior for HECC, with a tensile strain 
capacity of 4.1% and a corresponding tensile strength of 6.8 
MPa. The prism compressive strength of HECC is 54.6 MPa.

The longitudinal rebars and stirrups of HRB400 with 
three different diameters (i.e., 6 mm, 8 mm, 20 mm) were 
used in this study. The mechanical properties of rebars were 
determined through standard tensile tests, and calculated by 
averaging the values of three identical samples and sum-
marized in Table 3.

2.3  Test setup and loading procedure

The experimental setup, as dictated by the laboratory's 
loading equipment and support conditions, is depicted in 
Fig. 5. To facilitate the application of the cyclic load at the 
beam end, the specimens were rotated 90 degrees, and the 
beam was oriented vertically. Special hinge joints were used 
to connect the end of the columns of specimen to form a 

Table 2  Properties of PE and 
steel fibers [20]

Fiber type Density (g/
mm3)

Nominal 
strength (MPa)

Young’s modu-
lus (GPa)

Fiber diam-
eter (μm)

Fiber length 
(mm)

Aspect ratio

PE 0.97 2400 100 24 18 750
Steel 7.8 2850 210 220 13 60
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Fig. 4  Tensile stress–strain curves of HECC

Table 3  Mechanical properties of rebars

Rebar Diam-
eter 
(mm)

Yield 
strength 
(MPa)

Ultimate 
strength 
(MPa)

Elasticity 
modulus 
(GPa)

Longitudinal rebar 20 439 565 204
Stirrup 8 440 600 202

10 445 610 202

Fig. 5  Test setup
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self-balancing steel frame. In this arrangement, one end of 
the column was supported by a roller support, while the 
opposite end was supported by a pin support. During the 
entire testing procedure, a constant axial load equivalent to 
0.1fcAc (fc is the prism compressive strength of concrete, Ac 
is the sectional area of column), was applied to the column 
using a hydraulic jack with a 2000 kN capacity. It should be 
noted that the lower axial load ratio of 0.1 is chosen because 
the beam longitudinal rebar anchorage is more unfavora-
ble at this time. Subsequently, a cyclic load was applied to 
the end of the beam using a hydraulic jack with a capacity 
of 500 kN. And the distance from the loading point to the 
beam–column interface was 1710 mm.

As illustrated in Fig.  5, two load cells were directly 
affixed to the hydraulic jack for precise measurement of the 
applied loading force. A linear variable displacement trans-
ducer (LVDT) was positioned at the beam-loading point to 
accurately measure the horizontal displacement of the beam 
end, which could also be employed for calculating the drift 
ratio. According to the purpose of this study, the slippage 
of longitudinal rebar in the joint core area was measured by 
two LVDTs, setting at the loading end (LVDT1) and the free 
end (LVDT2) separately, as displayed in Fig. 6.

The cyclic lateral load was applied by displacement 
control during the whole loading procedure as exhibited 
in Fig. 7. Before the yielding of specimens, a 4 mm dis-
placement increment was applied for each controlling 

displacement, and then this value was increased to 8 mm. At 
each controlling displacement, two full loading cycles were 
applied. When the horizontal load at the beam end dimin-
ished to less than 85% of the peak load, the test was finished.

3  Experimental results and discussion

3.1  Failure modes

The crack distribution and failure modes of all HECC/RC 
composite joints and RC joint specimens under cyclic load-
ing are shown in Fig. 8. As can be seen in Fig. 8, two failure 
modes, including the flexural failure of the beam end (i.e., 
Fig. 8a) and the anchoring failure of beam longitudinal bars 
(i.e., Fig. 8e) were observed in this research. Considering 
that specimens with the same failure mode have roughly 
the same crack propagation during the test, thus only the 
behaviors of representative specimens are described in detail 
as follows.

3.1.1  Beam end failure

3.1.1.1 Specimen HECC1 The HECC1 specimen, featuring 
an anchorage length of 18d in the joint core area, exhibited 
a typical flexural failure at the beam end. Figure 9 shows 
the crack propagation observed during the load cycles. At 
the displacement of 8 mm (corresponding to a drift ratio 
of 0.5%), flexural cracks with the width of 0.15 mm were 
observed in the plastic hinge zone of the beam, as shown 
in Fig.  9a. At this stage, the residual deformation of the 
beam end after unloading was only 0.26 mm, which can 
be ignored. With the increase of the controlling displace-
ment, the existing cracks in the plastic hinge region of the 
beam continued to develop and extend, and new cracks also 
emerged at greater distances from the column. Despite these Fig. 6  Measurement of the longitudinal rebar slip
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developed cracks, the residual deformation after unloading 
remained less than 1 mm until the controlling displacement 
reached 16 mm (corresponding to a drift ratio of 0.9%), 
which can be still regarded as a linear stage. As the displace-
ment increased to 24 mm (1.4%), the specimen displayed 
a significant increase of residual deformation at the beam 
end to 6.5 mm when the load was unloaded pronouncing a 
nonlinear behavior, as shown in Fig. 9b. In addition, it can 
be found that the concrete at the beam plastic hinge area 
began to spall, as shown in Fig.  9c. After the peak load, 
large amount of concrete crushing was observed within the 
plastic hinge region near the beam end, as shown in Fig. 9d. 
It is worth mentioning that, in contrast to the RC specimen, 
there were no visible cracks within the joint core area of 
HECC1 specimen, despite the absence of transverse rebars 
in this region, demonstrating the fiber bridge effect of HECC 

restrain the development of cracks and the induced damage 
is limited to a small area.

3.1.1.2 Specimen HECC5 Although HECC5 specimen also 
experienced a flexural failure at the beam end, it synchro-
nously developed a large number of diagonal shear cracks 
in the joint core area as shown in Fig. 10. At a controlling 
displacement of 8 mm, flexural cracks were observed in the 
plastic hinge zone of the beam. Different from other speci-
mens, few fine diagonal cracks with close spacing were 
observed in the joint core area at a controlling displacement 
of 12 mm (0.7%), as shown in Fig. 10a. With the increase 
of the controlling displacement, tiny flexural cracks in the 
beam end and diagonal cracks in the core area increased 
and developed gradually as shown in Fig. 10b. Due to the 
fiber bridging effect, the crack width of diagonal cracks in 

Fig. 8  Crack propagation and 
failure modes of specimens

(a) RC (b) HECC1 (c) HECC2

(d) HECC3 (e) HECC4 (f) HECC5
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Fig. 9  Crack propagations at 
different controlling displace-
ments of HECC1
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the core area was within 0.2 mm. Similar to HECC1, the 
concrete at the beam plastic hinge area began to spall when 
the controlling displacement was 56 mm (3.3%) (Fig. 10c), 
and finally the specimen failed at a displacement of 80 mm 
(4.7%) (Fig. 10d) accompanied with serious crushing of the 
concrete and buckling of the beam longitudinal rebar.

Besides, it is worth noticing that numerous fine intersect-
ing diagonal cracks generated in the joint core area, which 
differed from other specimens for more shear stress trans-
formed into the joint core area due to larger beam longitu-
dinal rebar ratio of 3.0%, demonstrating that the deforma-
tion of the joint core area can be well constrained by HECC 
although no stirrups are allocated.

3.1.2  Anchoring failure

As illustrated in Fig. 11, the HECC4 specimen, experienced 
an anchoring failure with a significant rebar slippage due to 
the inadequate anchorage length of beam longitudinal rebar 
in the joint core area of 6d. At a controlling displacement of 
8 mm (0.5%), flexural cracks were observed in the plastic 
hinge zone of the beam, as shown in Fig. 11a. Notably, com-
pared to other specimens, the HECC4 specimen exhibited 
larger residual deformation at the beam end after unload-
ing, reaching approximately 1.15 mm. The distribution of 
cracks near the beam end is described in Fig. 11c when the 
controlling displacement increased to 24 mm (1.4%). It can 
be observed that the number of cracks near the beam end of 
HECC4 specimen were significantly less than those of other 
specimens. After the peak load, the bearing capacity of the 
specimen dramatically decreased, and the slip of the beam 

longitudinal rebar rapidly increased. As depicted in Fig. 11d, 
the beam plastic hinge region maintained its integrity even 
after the specimen failed, and no concrete spalling or crush-
ing was observed. Furthermore, a prominent main horizontal 
crack at the beam end formed due to the substantial slip of 
the beam longitudinal rebar.

3.2  Load–displacement curves

The hysteresis load–displacement curves at the beam end of 
the five HECC/RC composite joint specimens as well as the 
RC controlling specimen are plotted in Fig. 12. As shown 
in Fig. 12, it can be observed that except for the HECC4 
specimen, the hysteresis load–displacement curves of other 
specimens appear relatively plump loops with little pinching 
effects due to flexural failure of beam occurred. By contrast, 
the hysteresis curve for HECC4 (Fig. 12e) displays a sig-
nificant pinching effect, which is primarily caused by the 
pronounced slip of the beam longitudinal rebars.

To provide a clearer and more direct understanding of 
the characteristics of hysteresis load–displacement curves, 
complete hysteresis loops at selected controlling displace-
ments (12 mm, 40(32) mm, 56(40) mm, and 72(48) mm) of 
four typical specimens are presented in Fig. 13. It can be 
found that in the initial stage of loading (i.e., 12 mm), the 
unloading curve of all specimens basically coincided with 
the loading curve, resulting in a linear behavior. After the 
specimen yielded and entered the elastic–plastic deformation 
stage, the hysteresis curve became plumper and plumper, 
indicating that more energy was dissipated.

Fig. 10  Crack propagations at 
different controlling displace-
ments of HECC5

Fig. 11  Crack propagations at 
different controlling displace-
ments of HECC4
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By comparing the hysteresis load–displacement loops of 
two cycles at a specified controlling displacement as shown 
in Fig. 13, a more severe pinching effect can be observed of 
the second cycle, resulting in a decrease in energy dissipa-
tion capacity for all specimens. This can be attributed to 
the cumulative effect of bonding damage between the beam 
longitudinal rebar and HECC in the joint core area and the 
increased cracks of concrete in beam end, causing more 
energy release. Additionally, compared to other specimens, 
the degradation of hysteresis responses including strength 
and stiffness of HECC4 specimen exacerbated obviously 
with the increase of cyclic numbers as shown in Fig. 13c. 
These observations emphasize the importance of ensuring 
sufficient anchorage of the beam longitudinal rebar in pre-
serving the bearing capacity and energy dissipation capacity 
of a structure when subjected to seismic action.

Despite the absence of stirrups, the hysteresis curves of 
both HECC3 (Fig. 13b) and HECC5 (Fig. 13d) specimens 
closely resembled the plump shape observed in the RC 
specimen (Fig. 13a), with minimal pinching effects. These 
observations suggest that the bridging effect of hybrid fib-
ers in HECC can provide robust and adequate confinement 
effect to resist shear stress and decrease shear deformation as 
stirrups. Thus, the use of HECC in beam–column joints can 
reduce or even eliminate the need for stirrups, benefitting the 
potential in simplifying rebar details of precast structures in 
seismic zone.

The load–displacement envelopes obtained by connecting 
the peak load of the first cycle at each controlling displace-
ment for all the specimens are illustrated in Fig. 14. The 
critical experimental results, including the yielding load Py 
and corresponding displacement Δy, the peak load Pp and 
corresponding displacement Δp, the ultimate load Pu and 
corresponding displacement Δu, as well as the ductility fac-
tor (Δu/Δy) are summarized in Table 4. The ultimate load Pu 
is defined as 85% of Pp. As shown in Fig. 14, the envelope 
curves of HECC1, HECC2, and HECC3 specimens nearly 
coincide with that of RC although no stirrups were arranged. 
Additionally, compared to HECC3 specimen, although the 
bearing capacity of HECC4 specimen with anchorage length 
of 6d was slightly lower, the displacement ductility factor 
was dramatically reduced, which was only 1.84 and 1.89, 
decreased by 57.5% and 51.5% in the positive and negative 
direction, respectively. This is attributed to the insufficient 
bonding resistance between the beam longitudinal rebars and 
HECC in the joint, leading to premature specimen failure, 
inadequate plastic development, and poor ductility of the 
joint specimen.

Figure 14 also illustrates that the bearing capacity of the 
specimen increased with an increasing beam longitudinal 
rebar ratio. As observed from Table 3, the average peak load 
was 187.15 kN of HECC5 specimen, which was as high as 
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Table 4  Summary of 
experimental results

Specimen Direction Yield point Peak point Ultimate point Ductility 
factor Δu/ΔyPy (kN) Δy (mm) Pp (kN) Δp (mm) Pu (kN) Δu (mm)

RC Positive 65.50 20.08 79.73 72.47 67.77 82.70 4.12
Negative  − 64.47  − 19.15  − 79.71  − 72.30  − 67.76  − 82.26 4.30

HECC1 Positive 64.06 21.45 79.49 72.72 67.57 81.53 3.80
Negative  − 63.25  − 20.21  − 78.45  − 64.93  − 66.68  − 76.08 3.76

HECC2 Positive 66.93 23.04 79.66 63.70 67.71 74.83 3.25
Negative  − 67.10  − 18.52  − 81.43  − 71.89  − 69.22  − 75.06 4.05

HECC3 Positive 72.18 19.06 87.04 63.82 73.98 82.61 4.33
Negative  − 72.65  − 20.64  − 83.36  − 63.86  − 70.86  − 80.46 3.90

HECC4 Positive 60.18 19.04 77.44 23.62 65.82 34.99 1.84
Negative  − 66.76  − 15.06  − 78.88  − 23.83  − 67.05  − 28.44 1.89

HECC5 Positive 171.21 34.63 190.30 39.02 161.76 80.42 2.32
Negative  − 159.3  − 27.2  − 184.0  − 40.5  − 156.4  − 78.37 2.89
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2.37 times that of HECC1 specimen for same anchorage 
length of beam longitudinal rebar. However, the ductility 
factor value of HECC5 specimen was smaller than that of 
HECC1 specimen, indicating that increasing the longitudinal 
rebar ratio had a negative influence on ductility because of 
the higher shear stress level in the joint core area, leading to 
the formation of a larger number of diagonal shear cracks.

3.3  Energy dissipation capacity

3.3.1  Energy dissipation

The energy dissipation capacity is one of the critical param-
eters in the research of seismic performance. During the 
application of cyclic loading, the dissipated energy is equal 
to the area enclosed by a complete hysteresis loop at a speci-
fied controlling displacement, such as the area S1 shown in 
Fig. 15.

Figure 16 depicts the dissipated energy of HECC3 and 
HECC4 of two cycles at different displacements. As can be 

seen from Fig. 16, the dissipated energy initially increased 
slowly, then entered into a rapid increase stage followed by 
a dramatic decrease phase with the increase of controlling 
displacement. During the ascending stage, a point (highlight 
in Fig. 16) can be observed after which the rate of energy 
dissipation increased rapidly, indicating that the specimens 
entered into nonlinear deformation stage. Irrespective of the 
different failure modes of HECC3 and HECC4, the energy 
consumption of the second loading cycle is consistently 
lower than that of the first cycle under the same control-
ling displacement. This can be attributed to the accumula-
tion of damage under cyclic loading leads to a more severe 
pinching effect and a reduction in energy dissipation of the 
second cycle. Comparing HECC3 and HECC4 specimens, 
it is evident that the energy dissipated in the second cycle 
of HECC4 decreased more significantly. This can be attrib-
uted to the more severe strength degradation and pinching 
effect of HECC4 specimen in the second cycle, caused by 
the significant slippage of the longitudinal rebar in the joint 
core area.

The cumulated dissipated energy of all the specimens 
obtained by accumulating the energy dissipated at separate 
cycle during the entire cyclic loading procedure are shown in 
Fig. 17. It is found that the initial accumulating dissipation 
energy was essentially similar and small for all specimens 
due to the unapparent damage. With the controlling displace-
ment increased, cracks continued to develop and extend, and 
the inelastic deformation of the specimens were activated 
and contributed more significantly to energy dissipation. 
Additionally, the energy dissipation capacities of specimen 
with larger beam longitudinal rebar ratio (i.e., HECC5) were 
much higher than those specimens with smaller ones. This 
phenomenon can be explained by that the specimen with 
larger beam longitudinal rebar ratio would have a relatively 
higher bearing capacity, which enlarged the areas of the 
hysteresis curves accordingly [30]. Specifically, the HECC4 
specimen exhibited the lowest energy dissipation capacity Fig. 15  Typical hysteresis loop and energy dissipation

Fig. 16  Energy dissipation at 
each cycle
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due to the insufficient inelastic deformation of the beam lon-
gitudinal rebar caused by slip of beam longitudinal rebar.

3.3.2  Equivalent viscous damping coefficient

Besides the cumulated dissipated energy, the equivalent vis-
cous damping coefficient he is also an important index to 
evaluate the energy dissipation capacity [29]. The equivalent 
viscous damping coefficient he can be calculated by Eq. (2):

where S1 and S2 denote the enclosed areas described in 
Fig. 15.

The relationship between the equivalent viscous damping 
coefficient he and the controlling displacement for differ-
ent specimens are shown in Fig. 18. With the exception of 
HECC5 specimen, the variation trend of the equivalent vis-
cous damping coefficient was quite similar among the other 
specimens. It can be observed that although the increase of 
longitudinal rebar ratio increased the total consumed dis-
sipated energy of HECC5 specimen as shown in Fig. 17, 
the hysteresis load–displacement curve of the HECC5 was 
the least plump before the specimen failed (seen in Fig. 11), 
manifested as the smallest he values in Fig. 18. This indi-
cates that the development of diagonal cracks in the joint 
core area is not conducive to the full utilization of energy 
dissipation capacity of the joint specimens, which needs to 
be avoided in practical design. Additionally, for all speci-
mens except HECC4, the he value could continuously raise 
to 0.25 after peak load. It can be induced that even the load 
decreased obviously after peak load, the efficiency of energy 

(2)he =
1

2�

S1

S2
,

dissipation capacity of specimens can still maintain at a high 
level. Therefore, these results indicate that the proposed 
HECC/RC composite beam-column joint without stirrups 
in the joint core area and reduced anchorage length of beam 
longitudinal rebar to 9d still has satisfactory energy dissipa-
tion capacity, underscoring the reliability and effectiveness 
of this proposed composite system in resisting seismic forces 
and simplifying rebar details.

3.4  Degradation of strength

The strength degradation is defined as the weakening of the 
bearing capacity of specimen under cyclic loading. In this 
study, strength degradation coefficient �2

j
 is used to describe 

the strength degradation, which can be calculated by Eq. (3) 
[22]:

where P1

j
 and P2

j
 denote the peak load of the first loading 

cycle and second loading cycle at a certain controlling dis-
placement j, respectively.

Accordingly, the values of �2
j
 for all joint specimens at 

different controlling displacement are shown in Fig. 19. For 
specimens with flexural failure mode (RC, HECC1–HECC3, 
HECC5), the �2

j
 value ranged from 0.9 to 1.0 before reaching 

the peak load. It means that the peak load of the second load-
ing cycle was nearly the same as that of the first loading 
cycle, indicating that the repeated loading had slight effect 
on the bearing capacity at this stage. As the specimens 
entered the failure stage, a significant decrease of strength 

(3)�
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j
=

P2

j

P1

j

,
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degradation coefficient (i.e., around 0.8) was discovered. 
The similar trend of strength degradation coefficient curves 
indicates that the anchorage length and longitudinal rebar 
ratio have marginal influence on the degradation of strength 
when the joint specimens experience flexural failure at the 

beam end. However, for HECC4 specimen, obvious degrada-
tion of strength was found much earlier compared to other 
specimens due to the rapid increase in slippage of beam 
longitudinal rebar, and the strength of the beam longitudinal 
rebar cannot be fully utilized.

3.5  Analysis of anchorage performance

To ensure the desired bearing capacity, ductility, and energy 
dissipation capacity of the frame structure, anchorage failure 
of the beam longitudinal rebar should be avoided. In this 
study, the slip of the beam longitudinal rebar at free end (β1) 
and loading end (β2) were monitored as shown in Fig. 20.

The measured slippages of the beam longitudinal rebar at 
the free end for HECC4, HECC3, and HECC5 are shown in 
Figs. 21, 23, and 24, respectively. As shown in Fig. 21, the 
slip of the beam longitudinal rebar continuously increased 
with the increase of the displacement at beam end, and the 
maximum slippage of beam longitudinal rebar could attain 
to greater than 8 mm of HECC4 specimen with the anchor-
age length of 6d. It can be noted that as the controlling dis-
placement increased from 24 mm (1.4%) to 32 mm (1.9%), 
the slip of the beam longitudinal rebar at free end increased 
rapidly from 0.44 mm to 1.77 mm in the first cycle, dem-
onstrating that the bonding failure had occurred in the joint 
core area. Additionally, the repeated loading had an obvi-
ously negative impact on the slip of the beam longitudinal 
rebar. This can be attributed to that due to the inadequate 
anchorage length, as the relative slip increased, the inter-
locking resistance failed as long as the HECC keys between 
the rebar ribs were grounded off [31] and the accelerated 
damage accumulation weakened the surrounding constraints, 
increasing the rebar slip at the second cycle.

Comparing the beam longitudinal rebar slip of HECC4 
specimen at free end and loading end in Fig. 22, it is evi-
dent that the slip at the free end consistently remained lower 
than that of the loading end, with a more pronounced dif-
ference in the early stages of loading when the displace-
ment was less than 16 mm (0.9%). It can be observed that 
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the slip at the loading end increased linearly, while the free 
end experienced almost no slip in the first two controlling 
displacements (i.e., ≤ 8 mm (0.5%)). For instance, the slip 
at loading end reached 0.15 mm at the displacement of 8 
mm (0.5%), while the slip at free end was only 0.01 mm. It 
is known that the slip at loading end is composed by elas-
tic deformation of rebar, plastic deformation of the rebar, 
and relative slip between rebar and HECC, while the slip at 
free end is only caused by relative slip. For that, the bond 
efficiency was fully ensured by chemical adhesion at this 
stage, almost no slip was occurred at free end and the slip at 
loading end can be attributed to the elastic deformation of 
rebar [32]. With the exhaust of the chemical adhesion, the 
free end slip began to increase with the increase of control-
ling displacement from 8 mm (0.5%) to 16 mm (0.9%). As 
the chemical adhesion invalidated, microcracks originated 
at the tips of the rebar ribs and steadily developed, leading 

to an increase in free end slip of beam longitudinal rebar. 
Further increasing the controlling displacement from 16 mm 
(0.9%) to 24 mm (1.4%), the microcracks began to coalesce 
into macrocracks and propagate unsteadily, a more severe 
HECC matrix crushing between the rebar ribs accompanied 
by a more severe bonding damage happened. This leads to 
the reduction of the difference between the slip at free end 
and loading end, indicating that anchorage failure occurred. 
After this stage, the bond efficiency is sustained by interfa-
cial friction, and the difference between the slip at free end 
and loading end can be ignored.

Apparently different from the HECC4 specimen, it can 
be found from Fig. 23a that the difference between the slip 
at free end and loading end gradually increased with the 
increased controlling displacement of HECC3 specimen. 
The slip of the beam longitudinal rebar at free end remained 
relatively small within 0.36 mm during the entire loading 
process with an anchorage length of 9d. Although the slip at 
loading end can increase to over 4 mm, it is mainly attributed 
to the inelastic deformation of the beam longitudinal rebar 
after yielding. At peak load (corresponding to controlling 
displacement of 72 mm (4.2%)), the slip of the beam longi-
tudinal rebar at free end reached a maximum value of 0.36 
mm as shown in Fig. 23b, which was far less than the criti-
cal value (0.81 mm) when anchoring failure was occurred 
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in HECC4 specimen, illustrating that the mechanical inter-
locking which is the major component of bond resistance is 
still in a good state. After the peak load, with further dis-
placement increase, the slip value at the free end began to 
decrease which is different from HECC4 (Fig. 21b) indicat-
ing that there was no significant bonding damage between 
the longitudinal rebar and HECC in the joint core area with 
anchorage length of 9d. Additionally, it can be clearly seen 
that the slip of first cycle was generally similar with that of 
the second cycle, which also indicates that the longitudinal 
rebar had been effectively anchored.

Figure 24 shows the hysteresis slip curve of beam longi-
tudinal rebar of HECC5 specimen with an anchorage length 
of 18d. Although HECC5 specimen with larger longitudi-
nal rebar ratio experienced numerous closely spaced tiny 
diagonal cracks in the joint core area as shown in Fig. 8f, 
it is evident from Fig. 24 that the beam longitudinal rebar 
did not exhibit any significant slip during the whole loading 
process, and the maximum slip was approximately 0.07 mm. 
The superb bonding performance is benefitted from the fiber 
synergic bridging effect in HECC joint, which hindered the 
widening and development of microcracks effectively, and 
reduced and delayed the bonding damage obviously.

4  Conclusions

In this study, a novel HECC/RC composite beam–column 
exterior joint without stirrup rebar in the joint core region 
is proposed, and the influences of anchorage length of beam 
longitudinal rebar and longitudinal rebar ratio on its seismic 
performance are researched and emphasized. The following 
key conclusions can be summarized from the experimental 
findings and theoretical analysis:

1. The flexural failure at beam end is observed for speci-
mens except for HECC4 which experiences an anchor-
ing failure mode due to insufficient anchorage length 
of the beam longitudinal rebar of 6d. With the increase 
of beam longitudinal rebar ratio, the specimen exhibits 
higher bearing capacity and energy dissipation capacity, 
but weaker ductility due to the development of more 
severe diagonal cracks in the joint core area.

2. HECC5 specimen with higher beam longitudinal rebar 
ratio (3%) and no stirrups in joint core area also expe-
rienced flexural failure at beam end. However, a stir-
rup rebar ratio of 1.6% is required for ordinary RC 
joint under the same force condition, demonstrating the 
potential of HECC in providing confinement and pre-
venting shear failure, and thus reducing or eliminating 
stirrups in the joint core zone.

3. For HECC/RC composite joint core area where mini-
mum stirrup ratio should be applied while eliminated 

in present research, the anchorage length of the beam 
longitudinal rebar can be reduced to 9d, while exhibiting 
effective anchoring, similar hysteresis responses, bear-
ing capacity, energy dissipation capability, and ductility 
to other specimens with longer anchorage length and RC 
specimen with stirrup rebar.

4. Replacement of ordinary concrete by HECC in the joint 
core area increases the confinement effect to resist shear 
stress and bonding behavior, which can reduce or even 
eliminate the need of stirrups accompanied by a reduc-
tion of the required anchorage length of beam longitu-
dinal rebar, which can simplify the construction process 
of precast RC frame structure significantly. However, 
HECC/RC composite joint with higher level of shear 
stress in joint core area is recommended for further 
research to establish a design method for practical appli-
cation.
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