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Abstract: The integration of recycled powder (RP) as a partial cement replacement in
concrete, combined with fiber reinforcement, facilitates the development of high-ductility
recycled powder concrete (HDRPC) with enhanced mechanical properties. This approach
holds significant potential for effectively recycling construction waste and reducing car-
bon emissions. To improve the seismic performance of prefabricated joints in industrial
prefabricated building production, experimental tests under low-cycle reversed cyclic load-
ing were conducted on four HDRPC prefabricated joints, one HDRPC cast-in-place joint,
and one normal prefabricated concrete joint. The study systematically analyzed damage
patterns, deformation ductility, stiffness degradation, hysteresis energy dissipation, and
other performance characteristics. The results demonstrate that HDRPC effectively miti-
gates crack width and shear deformation in the joint core area, achieving a 17.8% increase
in joint-bearing capacity and a 33.3% improvement in displacement ductility. Moreover,
HDRPC improves specimen damage characteristics, enhances joint shear capacity and
flexibility, and reduces the demand for hoop reinforcement in the joint core area due to
its exceptional shear ductility. Based on the softened tension—compression bar model, a
crack-resistance-bearing capacity equation for HDRPC joints was derived, which aligns
closely with shear test results when cracks develop in the joint core area.

Keywords: high-ductility recycled powder concrete; prefabricated beam-column joints;
cyclic behavior; hysteresis curve; joint shear capacity

1. Introduction

The construction industry significantly impacts global sustainability due to inefficient
resource utilization, environmental degradation, and reliance on traditional production
methods. Notably, construction activities account for approximately 40% of global energy
consumption and 36% of carbon emissions [1,2]. As a major contributor to climate change,
the industry faces growing pressure to adopt low-carbon, eco-friendly solutions [3]. Among
these, prefabricated structures and recycled concrete have emerged as promising alterna-
tives, leveraging construction and demolition waste to mitigate environmental impacts and
conserve resources [4,5].

Prefabricated structures, while offering advantages in construction efficiency and
sustainability, often exhibit weak characteristics under seismic loading. Previous studies
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have identified several critical issues, including brittle failure at beam—column joints, inad-
equate energy-dissipation capacity, and limited ductility due to insufficient reinforcement
detailing and poor connection integrity [6,7]. For instance, post-earthquake investigations
of precast reinforced concrete structures have revealed that joint failures are a common
cause of structural collapse, particularly in regions with high seismic activity [8-10]. These
findings underscore the need for improved joint designs that enhance seismic resilience
while maintaining the benefits of prefabrication.

The incorporation of recycled concrete in construction materials offers significant
environmental and social benefits by reducing carbon emissions and promoting efficient
use of solid waste resources [11]. Notably, construction waste generates a large volume
of fine particles under 150 pm, commonly referred to as recycled powder (RP), which
constitutes approximately 20% of the raw material used [12,13]. Extensive research has
explored the potential of RP in improving engineering cement-based composite materials.
The feasibility of using recycled powder to produce high-performance concrete has been
validated through studies on particle size distribution [14,15], chemical composition [16,17],
fiber interactions [18-21], and empirical investigations [22].

High-ductility recycled powder concrete (HDRPC) is an eco-friendly material that
offers substantial improvements over normal concrete in terms of ductility, crack resistance,
and durability [23,24]. HDRPC, which typically incorporates a high replacement ratio of
recycled powder and hybrid fibers such as basalt fibers (BFs) and polyvinyl alcohol (PVA)
fibers, demonstrates enhanced fracture resistance and improved ductility due to better
matrix—fiber interaction [25-28]. Yu et al. [29] developed a carbon-emission-calculation
model for prefabricated buildings based on life cycle assessment (LCA) theory, evaluated
the environmental impact of green building materials, and quantitatively calculated the
carbon emissions of HDRPC during the materialization phase, showing that HDRPC
has better environmental benefits than C30 concrete, with a 31.86 kgCO;e reduction in
emissions per structure. This makes HDRPC an ideal candidate for strengthening and
repairing reinforced concrete (RC) structures, including beam—column joints under both
static and seismic loading conditions [30]. However, while the properties of HDRPC
have been explored for general concrete applications, its performance in the joint areas of
prefabricated RC structures remains under-researched.

Prefabricated buildings have gained significant attention due to their efficiency, sus-
tainability, and potential for reducing construction time and costs. Among the various
components in a prefabricated structure, the beam—column joint is particularly critical in
ensuring the overall performance and safety of the structure. Current connection tech-
niques for prefabricated elements include bolting, welding, riveting, and grouting, with
grouting sleeves being one of the most widely adopted methods for connecting precast
components [31]. These sleeves help join prefabricated elements either horizontally [32-34]
or vertically [35-38], transferring internal forces and meeting seismic design requirements.
Grouting sleeves enhance the load-bearing capacity and rigidity of joints, forming a “rigid
zone” that helps prevent crushing or damage under seismic loads [39]. Joints connect
elements, transfer internal loads, and maintain structural integrity in assembled concrete
frame structures. Important stress point affects the seismic performance of structures. The
joint must be strong, stiff, and ductile for earthquake bearing and deformation [40,41]. The
strength, stiffness, and ductility of joints are crucial for earthquake resistance, and several
studies have focused on improving the mechanical behavior of prefabricated beam-column
joints to increase their seismic performance [42—44]. Ding et al. [42] proposed a prefab-
ricated concrete beam—column joint with a bolt connection and investigated its seismic
performance through full-scale experiments and finite element simulations, with experi-
mental results showing that joints connected by grade 8.8 bolts exhibit higher yield and
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ultimate bearing capacities, initial stiffness, and energy consumption compared to those
connected by grade 5.6 bolts, while simulations further explore the impact of bolt strength
and axial compression ratio on the seismic behavior of the joint. Zhang et al. [43] present
cyclic tests of four interior precast UHPC (ultra-high-performance concrete)/RC composite
beam-—column joints to evaluate the impact of replacing normal concrete with UHPC in the
joint zone, showing that non-steam-cured UHPC exhibits high compressive and tensile
strength, eliminates the need for stirrups, and allows for significantly reduced anchor-
age lengths, thus simplifying the fabrication process. Several approaches [45-47] have
been proposed to increase load-bearing, ductility, and energy dissipation of prefabricated
frame beam—column connections. Huang et al. [45] propose a novel dry precast concrete
beam-—column connection with multi-slit devices (MSDs) and investigate its seismic perfor-
mance through cyclic loading tests on three full-scale specimens, showing that the precast
joints outperform cast-in-place joints in terms of load-carrying capacity, stiffness, energy
dissipation, and deformation capacity, making them suitable for high-risk earthquake
regions. Ye et al. [46] propose a new fully precast replaceable energy-dissipation rocking
beam—column joint (RBCJ) with energy-dissipating steel plates, and investigate its seismic
performance through quasi-static tests on two scaled specimens, demonstrating that the
joint has small residual displacement, concentrated plastic deformation in replaceable
parts, and excellent repairable performance, with the short-lap specimen outperforming
the long-lap one in seismic performance and recovery.

Recent research has proposed various strategies to enhance the seismic resilience of
prefabricated frame joints, such as introducing new connection forms [48-51] and utilizing
high-performance concretes [52-55]. Notably, some studies have examined the use of
UHPC to improve the shear strength and cyclic performance of prefabricated joints [56,57].
Lin et al. [57] propose a novel precast beam—column connection with a UHPC core-shell
and investigate its seismic performance through quasi-static tests on three precast and
one monolithic specimen, showing that the UHPC shell effectively limits shear behavior,
delays cracking, enhances ductility, and improves energy dissipation, while allowing
for fewer stirrups than required by code. Similarly, high-ductility concrete (HDC) has
been investigated for improving the shear-bearing capacity of prefabricated beam—column
connections [58]. Deng et al. [58] investigate the use of HDC in five precast beam—column
connections under cyclic loading, showing that HDC significantly improves shear and
damage-tolerance capacities, shifts failure from joint shear to beam end and can replace
stirrups in confining joints, though column strengthening is required to meet “strong
column” criteria. Despite the advancements in prefabricated structures, there remains a
significant research gap in the application of HDRPC for enhancing the seismic performance
of beam—column joints. Previous studies have primarily focused on normal concrete or
UHPC, with limited exploration of HDRPC in prefabricated joints.

This study seeks to address the existing gap in knowledge by evaluating the cyclic
behavior of HDRPC joints under varying axial loads and stirrup configurations. The
objectives of this research are as follows: (1) to investigate the seismic performance of
HDRPC joints in comparison to normal concrete joints, (2) to develop design guidelines
for HDRPC joints based on both experimental and theoretical analyses, and (3) to explore
the potential of HDRPC in reducing the demand for hoop reinforcement, thus simplifying
construction processes. The experimental results will provide valuable insights into the
fracture resistance and shear-carrying capacity of HDRPC-prefabricated joints, contributing
essential data for the development of design formulas. Ultimately, the findings of this study
will support the advancement of prefabricated structures using HDRPC, laying a solid
foundation for their application in earthquake-prone regions.
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2. Materials and Mixture Proportions
2.1. Normal Concrete

To decrease the amount of cement used and enhance the efficiency of recycled powder,
the non-critical stress areas of the nodal specimens in this experiment were made with
normal recycled powder concrete (NRPC) [4]. Table 1 displays the two common concrete
mixtures used in the PC30 joints. Table 2 shows the parameters of the regenerated powder
used in the experiment. A cubic compressive strength test was conducted, and the amount
of water-reducing agent was determined based on the ease of mixing. The results of the test
can be found in Table 3 and Figure 1. Type I normal Portland cement and the normal river
sand of fine aggregate were adopted. The coarse aggregate was used crushed aggregate
with a maximum size of 16 mm in diameter. The compressive strengths were tested using
materials from the same batch as the beam-column joint specimens.

Table 1. Mix proportions of concrete.

Tvpe of RCP Water-to- Sand-to-Binder PVA Basalt
Cgrl:cre te Replacement Binder Ratio HRWR 3 (%) Fiber 4 Fiber
Percentage (%) Ratio (vol.%) (vol.%)
C30 - 0.41 0.42 0.21 - -
C35 - 0.38 0.42 0.26 - -
NRPC ! 50 0.41 0.42 0.26 - -
HDRPC ? 45 0.32 0.40 0.17 1.7 0.2
1 “NRPC” is normal recycled concrete; 2 “HDRPC” is high-ductility recycled powder concrete; 3 “HRWR” is a
high-range water reducer used to improve the flow ability of concrete; * “PVA fiber” is polyvinyl alcohol fiber.
Table 2. Parameters of recycled powder.
Density Moisture Characteristic Parameters
(g-cm—3) Content (%) Heat Loss (%) of Particle Size (um)
D10 D50 D90
2.63 2.1 25.7 0.99 4.51 16.18
Major oxides CaO SiO, AL, O3 MgO Fe,O3 K,0
content (%) 23.05 6.41 2.6 2.48 1.3

Table 3. Compressive strength of NRPC.

Water-Reducin 7 d Water Curin 28 d Water Curin 28 d Natural Curin,
Replacement Rate (%) y g m-3) oPa P oMPa)
0 4.40 48.4 58.2 53.6
10 4.40 40.5 51.8 46.4
20 4.62 40.8 52.8 49.2
30 4.84 35.3 46 414
40 5.72 35.7 46.7 41.9
50 6.60 27.6 36.8 34.5
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Figure 1. Compressive strength of NRPC.

2.2. High-Ductility Recycled Powder Concrete

High-ductility recycled powder concrete (HDRPC) was formulated using cement, fly
ash, recycled powder, quartz sand, water, a high-range water reducer, basalt fibers (BFs),
and polyvinyl alcohol (PVA) fibers. Table 4 shows the parameters of different fibers used
in the experiment. Detailed mix proportions are presented in Table 1. To evaluate tensile
behavior, four dog-bone-shaped specimens were tested, yielding an average tensile strength
of 5.15 MPa and an ultimate strain of 3.63%, meeting the requirements for engineered
cementitious composites (ECC) (Figure 2).

Table 4. Parameters of fiber.

Type of Density Tensile Strength Tensile Length  Modulus Diameter
Fiber (kg-m—3) (MPa) Limit (%) (mm) (GPa) (um)
PVA 1300 1620 6.0-8.0 12 428 39

Basalt fiber 2650 2320 2.6 18 84.5 15
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Figure 2. Tensile test of the HDRPC: (a) specimen (unit: mm); (b) stress—strain curves.
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2.3. Grouting Sleeves and Grouts

7

According to the “Technical Specification for Splicing of Reinforced Grouting Sleeves”
JGJ 355-2015 [59], the selected cast iron fully grouted sleeve GTZ(Q4 16 (Figure 3) was tested.
Three fully grouted sleeves were randomly selected for testing to verify their uniaxial tensile
performance, and the test results showed that the steel bars were broken and ultimately
destroyed. The test results are listed in Table 5. The results showed that the fully grouted
sleeve used in this experiment met the specified requirements and achieved an efficient

and reliable connection of steel bars between prefabricated beams and columns.

Drainage hole

48

; : Grouting hole Limit baffle :

Shear key

Figure 3. Cast iron fully grouted sleeve: (a) grouting sleeve and failure mode; (b) test setup.

Table 5. Uniaxial tensile properties of grouted sleeve steel bar connections.

Connector Number 1 2 3 Regulatory Requirement
Tensile strength (MPa) 635 612 637 >fouc !
Total elongation (%) 12.2 114 12.5 >6.0

1 £ is the standard value of the ultimate strength of steel bars.

3. Mechanical Properties
3.1. Design of Test Specimens

To evaluate the connection behavior of the RC frame with beam and column, six full-
scale specimens were prepared in this study. The beam cross-sections had dimensions of
250 mm x 300 mm, while the column cross-sections had dimensions of 300 mm x 300 mm.
The precast beams and columns are joined together using grout sleeves to extend the whole
depth of the joint beam contact. During seismic loading, the core area of the joint and
the neighboring beam and column ends in the back-cast zone are anticipated to endure
significant shear forces and bending moments. Consequently, the areas of high stress were
reinforced using HDRPC material, whereas the rest of the specimen was made with NRPC.
The axial load ratios (0.3, 0.5, 0.7) were selected to represent a range of axial compression
conditions typically encountered in prefabricated structures. These values were chosen
based on previous studies and design practices, where 0.3 simulates moderate axial loading,



Buildings 2025, 15, 838 7 of 27

while 0.5 and 0.7 represent higher axial compression scenarios, such as those found in
multi-story buildings or structures subjected to significant gravity loads [60].

The reinforcement detailing and stirrup spacing were designed by the Chinese Code
for Design of Concrete Structures (GB 50010-2010) [61]. Stirrup spacings of 100 mm and
200 mm were selected to evaluate the effect of hoop-reinforcement density on joint perfor-
mance. A spacing of 100 mm represents a dense reinforcement configuration, while 200 mm
represents a reduced reinforcement scenario, allowing us to assess whether HDRPC can
compensate for reduced stirrup density. The specific characteristics of the specimen, in-
cluding its specifications and construction details, are provided in Table 6 and Figure 4a—d.
The compressive strength of normal concrete and HDRPC was tested at 28 days, yielding
values of 38.1 MPa and 32.3 MPa, respectively, which exceed the minimum requirements of
GB 50010-2010 [61]. The yield strength of the steel reinforcement was 420 MPa, consistent
with the design value specified in the code.
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Figure 4. Dimension and details of reinforcements for specimens: (a) PC30; (b) HDJ; (c) PHDJ1;
(d) PHDJ2-4.
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Table 6. Summary of specimens.

Specimens Construction Method Materials Axial Pressure Ratio ~ Shaft Pressure (kN) Hoop
Arrangement
precast beam and column &

PE30 assembly €30 0.3 386.1 8@100/200
HDJ cast-in-place HDRPC/C30 0.3 386.1 % 8@100/200

PHDJ1 HDRPC/NRPC 0.3 386.1 £ 8@200
PHD]J2 precast beam and column  HDRPC/NRPC 0.3 386.1 ® 8@100/200
PHDJ3 assembly HDRPC/NRPC 0.5 643.5 £ 8@100/200
PHDJ4 HDRPC/NRPC 0.7 900.9 ® 8@100/200

For the manufacturing procedure of the assembled joint as shown in Figure 5, firstly the
precast parts undergo fabrication and the longitudinal reinforcement spacing is controlled
using a limiting template to ensure precise docking of the outstretched reinforcement bars.
Additionally, a bubble film is applied to the inner side of the limiting template, which
enhances interface roughness and improves the bond strength and flexural performance
of the old and new cementitious materials [62]. Then, the sleeve connection is executed.
The outstretched reinforcement bars of the prefabricated beams and columns are connected
and grouted through the grouting process. Finally, the secondary pouring was conducted
to securely attach the formwork for the “1”-shaped back-cast area, remove the bubble film
at the keyway interface, and pour the HDRPC.

Figure 5. Construction sequence of HDRPC prefabricated beam—column joints.
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3.2. Test Setup, Instrumentation, and Loading Protocol

Figure 6 illustrates the experimental setup. The setup consisted of a rigid steel frame
anchored to the laboratory floor, which provided the reactive force during loading. The
bottom of the column was supported by a 25 mm thick steel plate fixed to a hinge, while
the top was constrained by two steel frames to limit lateral displacement. To ensure
uniform load distribution and prevent localized deformation, the system incorporated a
well-designed load-distribution mechanism. Additionally, hinge points were designed
with low friction and zero play to minimize unnecessary deformation. Two MTS actuators,
each with a capacity of 250 kN, were connected to the beam ends to apply cyclic loads,
while a third actuator, with a capacity of 1000 kN, applied a constant vertical axial load of
386 kN to the top of the column. The system provided high-precision testing capabilities,
facilitating a comprehensive evaluation of the mechanical properties of material in a
controlled environment. The data-acquisition system ensured real-time synchronization
of load, deformation, and force measurements, guaranteeing the accuracy and reliability
of the experimental data. Vertical displacement at the beam ends was measured using
Linear Variable Differential Transformers (LVDTs), and strain gauges were installed on
the longitudinal reinforcement and concrete surface to monitor strain development. The
constant axial load, equivalent to 30% of the axial load capacity of the column, was chosen
to simulate severe loading conditions typically encountered during seismic events, thereby
providing a basis for comparing joint behavior under varying stress levels. This axial load
also simulated the effect of gravity load on the column support layer.

4 4

— Load cell

Lateral steel

frame
LVDT
e

[ N 0]

H\H_ - ceuﬂ
1. 1l

'}mt /
ator

(@)

Figure 6. Test setup: (a) schematic diagram of loading device; (b) loading on-site layout plan.

As shown in Figure 7, strain gauges are placed on both the longitudinal and transverse
reinforcement at key locations near the grouting sleeves to measure strain during loading.
This configuration enables precise monitoring of the reinforcement response, providing
valuable data on joint performance under stress. As depicted in Figure 8, an amplitude-
increasing loading scheme is applied to each sample under displacement control. In this
scheme, vertical load at the beam end is gradually applied: 4 mm step increments are
used before joint yielding, cycled once, while 8 mm step increments are applied after joint
yielding, cycled three times. The actuators for the two beams are synchronized: when one
actuator pushes a beam upward, the other pulls the opposite beam downward. The test is
terminated when the load on either or both actuators drops to 85% of the peak load [60].



Buildings 2025, 15, 838

10 of 27

=
Grouting Sleeves
—{—>

Figure 7. Arrangement of strain gauges.

N\
Ay+8}

Ayr i
C——JForward loading

—
oo
T T

Lateral drift (mm)

|

U

L e e
T T

1 Reverse loading

|
>
=

—Ay+8}| :

Loading stage

Figure 8. Loading protocol.

4. Main Test Results and Analysis
4.1. Test Phenomena and Failure Characteristics

Figure 9a shows the crack pattern of specimen PC30 made of normal concrete. The
failure mode of PC30 is characterized by severe damage, with a displacement of 4 mm near
the material contact, causing cracks at the column edge (600 mm from the beam root) and a
rapidly propagating 50 mm diagonal core crack. As the displacement increases to 36 mm,
transverse cracks appear at the column end, and diagonal cracks (0.2 mm wide) form at the
core. Ultimately, the failure is attributed to shear failure, with concrete peeling off at the
joints. This type of failure, while observed in the experiment, is typically undesirable in
practical structural design. The intention behind designing specimen PC30 in this manner
was to investigate the shear failure mechanism in prefabricated concrete joints, which could
provide insights into improving joint design for real-world applications.
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Figure 9. Component failure diagram under cyclic loading: (a) crack pattern of PC30 under cyclic
loading; (b) crack pattern of HDJ under cyclic loading; (c) crack pattern of PHDJ1 under cyclic
loading; (d) crack pattern of PHD]J2 under cyclic loading; (e) crack pattern of PHDJ3 under cyclic
loading; (f) crack pattern of PHDJ4 under cyclic loading.

Figure 9b presents the crack pattern of specimen HDJ made of HDRPC. The crack
pattern and hysteresis curve indicate that cracking occurs at all precast joints (PHDJ2-4) in
the secondary pouring area, where the precast beams meet. Despite these cracks, the rough
surface of the bubble film enhances interfacial adhesion and bending resistance, preventing
significant damage. The maximum crack width observed is 0.5 mm, and vertical bending
cracks are concentrated approximately 1000 mm from the root to the edge of the beam
and column. This suggests that the steel bar joint grouting sleeve method is effective in
ensuring sufficient bearing capacity at the connection between prefabricated beams and
columns, thereby enhancing mechanical interlocking and delaying premature failure. The
initial fracture in HDJ occurs away from the base or joint surface, making it more durable
than PHD]J2.

As shown in Figure 9¢, increasing the stirrup spacing in HDRPC at the core area from
100 mm to 200 mm results in cracking along the keyway of the I-beam in specimen PHDJ1,
which lacks ring reinforcement. The cracks appear in the core region, extending from
the upper and lower columns to the central area, with transverse cracks in the keyway
reaching 0.5 mm. As displacement increases, concrete bulging and peeling occur. The crack
at the bottom of the beam widens significantly to 20 mm under a 128 mm load. The failure
mode of PHDJ1 changes from bending to shear failure, attributed to the absence of hoop
reinforcement, which leads to plastic deformation at the column end under reciprocating
loads. In contrast, specimen PHDJ2, which includes additional longitudinal steel bars,
exhibits improved bending strength, thus preventing bending failure before shear failure.

Figure 9d shows that specimen PHD]J2, an HDRPC assembled joint with the same steel
reinforcement and structure as PC30, initially cracks at the material interface between the
left and right beams, 500 mm from the column edge, when the displacement amplitude
reaches 4 mm. As the load increases, diagonal microcracks form in the core, and vertical
cracks develop in the post-casting area. When the displacement amplitude reaches 32 mm,
the load-displacement curve steepens, indicating joint yielding. At this stage, the crack
width peaks at 0.13 mm in the core and 1 mm at the root of the beam. Vertical cracks
are evident in the prefabricated beam area, and the base fracture becomes the main crack,
widening as the beam end moves. The core crack grows to 0.5 mm, and surface cracks
appear on the beam. At a displacement amplitude of 128 mm, the width of the main
crack at the root of the beam reaches 17 mm, leading to the collapse of the material in the
compression zone and subsequent joint failure. In comparison, specimen PC30 experienced
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core shear failure accompanied by concrete detachment, while PHD]J2, although exhibiting
minor cracks (with a width of 450 um), showed no concrete peeling due to the properties
of HDRPC.

Finally, comparing Figure 9d—f, the failure modes of three prefabricated joints
(PHDJ2-4) with identical steel reinforcement and materials are discussed. As axial compres-
sive force increases, vertical compressive stress in the core area and the angle of diagonal
cracks increase. The ultimate load induces the first fracture near the beam foundation at the
connection. Subsequent load variations cause the main beam to rotate around both ends,
with the grouting sleeve reinforcing the load-bearing capacity at the beam ends.

4.2. Hysteresis Curves

Figure 10 shows the relationship between the applied load on six specimens and
the vertical displacement measured from LVDT deployed at the end of the beam. When
two actuators load the beam upward and downward relative to the ground, the positive
load and negative load (and displacements) correspond to the upward and downward
directions. For each specimen, overall, the load-displacement curves of the two beams
show the hysteresis curve and the magnitude of the load and deformation.
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C— o S
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Figure 10. Hysteretic curves of different components: (a) P30; (b) HDJ; (¢) PHDJ1; (d) PHDJ2;
(e) PHDJ3; and (f) PHDJA.

Figure 10a shows the load-displacement results of the beams of specimen PC30,
respectively. The results indicate that when the displacement amplitude is less than 25 mm,
the load during the loading and unloading stages increases approximately linearly with
the displacement. When the displacement exceeds 25 mm, the specimen exhibits hysteresis
during the loading-unloading phase, which may be due to internal damage such as concrete
cracking and steel yield. After the concrete cracks, the magnitude of the load will still
increase due to the action of the steel bars. However, the concrete has poor damage
resistance and cracks develop rapidly in the core area. Overall, the hysteresis loop of the
PC30 joint shows the most obvious shrinkage. In the later stage of loading, plastic hinges
are formed at the ends of each joint beam, and the main crack at the root of the beam
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alternately opens, closes, and continues to widen under reciprocating loads. The steel bar
slip phenomenon is severe, and the hysteresis curve is Z-shaped.

Figure 10b shows the load-displacement results of the beams of specimen HD], re-
spectively. Compared with specimen PC30, specimen HD]J has higher bearing capacity,
deformation capacity, and hysteresis performance. Before concrete cracking, the load in-
creases approximately linearly with displacement, similar to the results of PC30. After a
slight crack appeared at the root of the beam near the column, hysteresis behavior was
observed due to damage in the specimen. As the displacement increases, cracks appear at
beams and joints far away from the column. However, the size of the load still increases.
After the load reaches its peak, it begins to decrease, and when the displacement am-
plitude reaches 75 mm, the load increases twice. This phenomenon is attributed to the
unique tensile and crack resistance of HDRPC. After the cracking of HDRPC, due to the
dispersion of mixed fibers in HDRPC, the tensile strain of HDRPC is higher, and it has
better-coordinated deformation ability with steel bars. Its excellent crack resistance often
hinders the development of damage in HDRPC, thereby reducing the squeezing effect.

Figure 10d shows the load-displacement results of the beams of specimen PHD]J2,
respectively. Similar to the HDJ specimen, it exhibits hysteresis behavior and post-cracking
resistance. However, overall, the cast-in-place HDJ joint has less shrinkage due to its
superior overall integrity compared to prefabricated joints, and the development of crack
width at the root of the beam is slower. When fine cracks appear at the root of the side
beam of the column, PHD]J2 can still maintain the bearing capacity of the joint and has
limited hoop effect, indicating that the design configuration of the prefabricated column
and beam enables the assembly joint to achieve reasonable cyclic performance and achieve
the same purpose as cast-in-place.

Figure 10c—f show the load-displacement results of the beams of specimens PHDJ1-4,
respectively. Under the condition of reducing the reinforcement ratio of stirrups in the core
area of the joint, the results of specimen PHD]J2 a high degree of overlap with specimen
PHDJ1, indicating that the spacing between stirrups has little effect on the bearing capacity
and deformation capacity of the joint. HDRPC itself has good shear performance and can
replace some stirrups, which is conducive to simplifying the arrangement of steel bars in
the joint area.

4.3. Skeleton Curves and Drift Ratio

The skeleton curve shows the stiffness of component and ductility by correlating force
and deformation under alternating load. Individual joint skeletal curves are shown in
Figure 10, which shows the joints went through elasticity, yielding, stability, and disintegra-
tion. The beam end load and displacement are linear in the elastic stage, and each specimen
has a similar initial stiffness. As displacement increases, joint cracks fully develop and
internal material damage accumulates, reducing specimen stiffness until yield. HDRPC
assembled joint beam end material has a higher ultimate compressive strain in the middle
and late stages of loading and benefits from grouting sleeve reinforcement. This keeps bear-
ing capacity stable and improves, lengthening the horizontal segment of the skeleton curve.
The bearing capacity of the specimen decreases as the joint beam end material collapses.

The drift ratio is a critical parameter for evaluating the seismic performance of struc-
tures, representing the lateral displacement relative to the height of an element. It reflects
the deformation capacity of a structure under cyclic loading, indicating its ability to absorb
energy and resist damage. Analyzing the drift ratio provides insights into the load-carrying
capacity, stability, and overall seismic resilience of various materials and connection types,
such as normal concrete and HDRPC, under seismic conditions.
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The drift ratio is calculated using the following formula:
: . A
Drift ratio = o x 100% €))]

where A is the lateral displacement of the top of the beam, measured during cyclic loading,
h is the height of the beam. The drift ratio is typically expressed as a percentage, and
it helps in assessing the deformation behavior and seismic performance of structural
elements, particularly their ability to resist lateral forces without collapsing or undergoing
excessive damage.

Figure 11a shows that the elastic phase, HDRPC has a lower elastic modulus than
normal concrete, so PC30 joints are stiffer than PHDJ2. The specimen PC30 joints have
much lower bearing capacity and stiffness than PHD]J2 during later loading. This is because
reciprocating loading weakens concrete, causing cracks and rapid mechanical degradation,
while HDRPC has greater crack and energy-dissipation properties than normal concrete.
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Figure 11. Comparison of skeleton curves and drift ratio: (a) different materials; (b) different
fabrications; (c) different hoop ratios; (d) different axial compression ratios.

Figure 11b illustrates that the initial stiffness of the HDRPC assembled joint and cast-
in-place joint are similar. However, after reaching the peak load, the bearing capacity of
the HDJ specimen gradually decreases as the displacement increases. The grouting sleeve
at the girder end of the PHD]J2 specimen greatly improves the sectional bending-bearing
capacity, resulting in a slight improvement in its bearing capacity initially, followed by a
gradual decrease with increasing girder-end displacement. The grouted sleeves with higher
stiffness and strength inhibit the propagating and widening of the cracks [35]. Therefore,
the PHD]J2 specimen exhibits better ductility compared to the cast-in-place joint.

As shown in Figure 11c, the skeleton curves of specimens PHDJ1 and PHDJ2 exhibit
significant overlap. This indicates that the distance between the hoops has a limited
influence on the load-bearing and deformation capacity of the joint. Additionally, compared
to PC30, PHDJ1 can still maintain a high bearing capacity and load-carrying level while
reducing the number of stirrups, HDRPC can replace some of the hoops, simplifying the
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reinforcing arrangement in the joint area. This approach addresses the issue of dense and
complex reinforcing tying during construction.

Figure 11d indicates that the peak bearing capacity of the joint initially rises and
subsequently drops as the axial compression ratio increases. This is because an appropriate
axial compression force can widen the compression zone area of the column section,
enhance the effectiveness of the inclined compression bar, and improve the shear strength
of HDRPC with the increase in compressive stress. However, when the axial compression
force becomes severe, the material in the compression zone of the joint will crack, resulting
in a drop in shear strength.

The drift ratio analysis of the experimental specimens highlights the significant im-
provements in seismic performance achieved by HDRPC compared to normal concrete
(PC30). The PC30 specimen exhibits a relatively lower deformation capacity, as it demon-
strates substantial displacement at smaller drift ratios. In contrast, the HD] specimen, made
of cast-in-place HDRPC, shows a higher load-carrying capacity and offers greater resistance
to deformation under cyclic loading. The prefabricated HDRPC specimens (PHDJ1, PHDJ2,
PHD]J3, PHDJ4) further outperform both PC30 and HDJ, particularly PHDJ]3 and PHDJ4,
which exhibit the highest load capacity and maintain consistent performance at higher
drift ratios.

International design codes, such as ACI 318 [63] and CEB-FIB [64], typically assume
uniform material properties and do not fully account for the enhanced performance of high-
ductility materials like HDRPC. For instance, ACI 318 limits the drift ratio to 2% for seismic
design, which may be overly conservative for HDRPC joints exhibiting higher ductility.
Similarly, the CEB-FIB Model Code lacks specific guidelines for fiber-reinforced concrete
joints. These limitations underscore the need for updated design codes that incorporate the
unique properties of advanced materials like HDRPC.

4.4. Load Capacity and Ductility

In seismic design, ductility refers to the capacity of structures and members to with-
stand deformation without a significant decrease in bearing capacity after entering the
plastic phase. The ductility coefficient is commonly used to measure the quality of ductility
and is calculated using the following formula:

H=2 2

Y
where A, is the ultimate displacement of the beam end of the joint. This refers to the vertical
displacement that corresponds to the reduction of the load capacity of the member to 85%
of its maximum load capacity. Ay, on the other hand, represents the vertical displacement
of the beam end of the joint when it reaches its yield point. The yield load was calculated
using the farthest point method, where the yield point is defined as the intersection of the
initial elastic slope and a line parallel to the post-yield slope passing through the ultimate
load point [65]. The displacement ductility coefficients for each joint are listed in Table 5.
As shown in Table 7, the experimental results demonstrate that specimens incorpo-
rating HDRPC significantly outperform the PC30 specimen, made of normal concrete,
particularly in terms of ultimate load capacity. The influence of concrete strength on
ultimate load was investigated by comparing the performance of HDRPC with that of
normal concrete. The results reveal that HDRPC increases the ultimate load by 17.8%,
underscoring the crucial role of concrete strength in joint performance. Specifically, the HDJ
specimen, which uses cast-in-place HDRPC, exhibits a peak load of 49.4 kN in the forward
direction and an ultimate load of 41.9 kN, significantly surpassing the PC30 specimen,
which has an ultimate load of 38.4 kN in the same direction. The prefabricated HDRPC
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specimens (PHD]J1, PHDJ2, PHDJ3, PHDJ4) consistently outperform both the PC30 and
HDJ specimens. Notably, PHD]3 achieves the highest peak load of 50.1 kN in the forward
direction and an ultimate load of 42.6 kN, indicating superior seismic performance. The
PHDJ4 specimen also demonstrates the highest mean value, showing excellent consistency
under reverse loading. These findings confirm that HDRPC, whether cast-in-place or
prefabricated, enhances the seismic performance and load-carrying capacity of concrete
joints, with concrete strength playing a significant role in improving joint performance.

Table 7. Displacement ductility coefficient.

Specimens Load Direction Yield Displacement Yield Load Peak Load Ultimate Load Ultimate Mean

P (mm) (kN) (kN) (kN) Displacement (mm)

PC30 forward 36.0 39.2 40.0 38.4 108 3.0

backward 28.7 32.3 35.9 34.8 100 35

HDJ forward 30.3 439 494 419 120 4.0

backward 30.8 35.0 39.5 35.7 120 3.9

PHDJ1 forward 31.9 39.8 47.5 41.7 128 4.0

backward 319 39.5 43.7 40.0 128 4.0

PHDJ2 forward 32.0 413 47.1 44.7 128 4.0

backward 28.0 38.5 43.6 37.0 128 4.3

PHDJ3 forward 31.9 453 50.1 42.6 123 3.9

backward 28.1 38.9 443 39.3 128 4.5

forward 28.0 439 47.0 44.8 124 4.3

PHDJ4 backward 24.0 38.3 41.0 35.3 124 5.1

Based on the provided table, it is evident that the displacement ductility coefficients
of HDRPC joints are considerably greater than those of assembled concrete joints. This
suggests that incorporating HDRPC materials in the core is beneficial for enhancing the
joint damage pattern, increasing the joint load-carrying capacity, and improving the joint
ductility. The ductility of HDRPC assembled joints is typically greater than that of the HD]
cast-in-place joints, indicating that the grouted sleeve connection in its assembled form can
enhance the ductility of the girder cross-section. When comparing PHDJ2 with PHD]J1, it
was found that the ductility of PHDJ1 joints with unencrypted hoop reinforcement was
slightly decreased. However, it still reached a value of 4.0, which suggests that the excellent
shear ductility of the material can serve a similar purpose as the hoop reinforcement in
terms of shear and restraint.

4.5. Stiffness Degradation

The stiffness and bearing capacity of the joint gradually decrease under the recip-
rocating load. To measure the change in stiffness of the specimen at different loading
displacements, the cut-line stiffness K; [64] is commonly utilized. The stiffness degradation
curve of the joint is determined for the right beam, as shown in Figure 11.

_ |+F|+|=F]

K= - amii
CEXi X

®)
where K; represents the secant stiffness of the ith loading level; +F; and —F; represent
the positive and negative peak loads corresponding to the i loading level; +X; and —X;
represent the displacement toward the positive and negative peak loads corresponding to
the i loading level.

As shown in Figure 12, before reaching the yield state, the overall stiffness trend of
the six specimens rapidly decreases with increasing displacement. After yielding, the rate
of stiffness degradation slows down, and the curve tends to flatten as it approaches the
limit state.
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Figure 12. Results of stiffness degradation.

Compared with PHD]2 precast joints, normal concrete precast joints PC30 have higher
initial stiffness but a faster degradation rate. The main reason is that HDRPC does not
contain coarse aggregates and has a lower elastic modulus than normal concrete. How-
ever, as displacement increases, concrete cracks under tensile action, rapidly develop and
accumulate plastic damage. The stiffness of normal concrete joints rapidly decreases,
while the tensile strength and ultimate tensile strain of HDRPC are much higher than
those of concrete. Therefore, the rate of stiffness reduction is slower, resulting in a higher
final stiffness.

The HDJ specimen is a cast-in-place integral joint; however, there is a weak interface
caused by secondary pouring in the assembly joint specimen PHDJ2. At the initial stage
of loading, there will be varying degrees of cracking at the connection between the post-
cast area of specimen PHDJ2 and the prefabricated beam. Therefore, HDJ joints have
higher initial stiffness. As the displacement increases, cracks in both specimen HDJ and
specimen PHDJ2 fully develop, and the stiffness degradation curves of the two joints
become similar. In the later stage of loading, both specimen beam ends showed significant
plasticity. However, due to the larger cross-sectional area of the grouting sleeve, it can serve
as a form of local reinforcement, and the ultimate stiffness of specimen PHD]2 is slightly
higher than that of the HDJ specimen.

When comparing specimens with different axial compression ratios (PHDJ2-4), it
was observed that the stiffness degradation curves of PHDJ2 and PHDJ3 with lower
axial compression ratios were similar to each other. However, PHDJ4 with a high axial
compression ratio exhibits significantly higher initial stiffness. At the limit state, the final
stiffness of all three joints is similar, indicating that the degradation rate of the joints is
faster under high axial compression ratios. PHDJ1 has the lowest initial stiffness, indicating
that the constraint force at the beam end is weakened and the interface is more prone to
cracking when the spacing between the circumferential steel bars is wide.

4.6. Energy-Consumption Capacity

The structure will fracture and deform under seismic forces, thereby dissipating and
absorbing seismic energy. Hysteretic energy dissipation is advantageous for mitigating
the displacement response of a structure during seismic activity and enhancing its seis-
mic performance. The energy-consumption capacity of each specimen was calculated by
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integrating the area under the load-displacement hysteresis loops. This represents the
cumulative energy dissipated during cyclic loading, which is a key indicator of seismic
performance. The hysteresis energy-dissipation curve is constructed by plotting the energy
dissipation of the first cycle at each loading stage, as depicted in Figure 13.

——PC30

—+—HDJ

—— PHDI1
~ 2k} ——rHDR2
g —— PHDI3
:;! PHDJ4
od
=2
=]
.8
2
]
w 0 —
8 1kf g
51 wl =

[ ==
=l “oor 5
H 3 0b 2 ‘
~ B
P ’ _‘___‘___———'_'_azm-s ,/
. “/_:“a’_, 100;ﬂ__, - » D;Fsp1acemem$m) 5
.
0 gt L 1 1 1 L
0 50 100 150

Displacement (mm)

Figure 13. Energy-dissipation capacity of specimens.

During the initial loading phase, each specimen remains primarily in the elastic
stage, with minimal and gradual energy dissipation, which remains relatively consistent
across all specimens. However, once the yield displacement is reached, hysteresis energy
dissipation at the joints increases rapidly as the load increases. Concrete exhibits limited
resistance to damage, and as internal cracks develop, both its strength and stiffness decrease
significantly. Consequently, the energy-dissipation capacity of PC30 joints is much lower
than that of HDRPC joints after reaching the yield point. As shown in Figure 13, the energy
consumption of the PC30 specimen increases sharply beyond 80 mm of displacement.
This substantial rise in energy dissipation is attributed to the brittle failure behavior of
normal concrete. Once cracks form, the stiffness of material rapidly decreases, leading
to accelerated energy consumption. In contrast, HDRPC demonstrates superior crack
resistance and ductility, resulting in more stable energy dissipation at larger displacements.
During the later stages of loading, the beam end undergoes plastic deformation and forms
a plastic hinge, which becomes the primary region for energy dissipation. The energy-
dissipation effect of the grouting sleeve at the beam end of the assembly joint is evident,
resulting in a higher level of energy dissipation compared to the cast-in-place joint. The
energy-consumption patterns of PHDJ1 and PHDJ4 are similar, suggesting that increasing
the hoop spacing does not reduce the energy-dissipation level of the HDRPC assembly joint.

4.7. Core Area Shear Deformation

Under reciprocating load, the core area of the joint experiences shear deformation,
resulting in tensile stress along one diagonal direction and compressive stress along the
other diagonal direction. Figure 13 illustrates how the core area tends to shift from a
rectangle to a thombus, with the direction of the rhombus alternating with each application
of the beam end load. The extent of shear deformation in the core area can be evaluated by
the shear angle. Equations (4) and (5) provide formulas for calculating the shear angle.

% |61+ 61| + 62 + 85

. @
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VaZ + b2
=X ®)
a-b
where X is the average change in the diagonal direction of the core area, and 7y represents
the shear angle of the core area. The remaining variables are detailed in Figure 14, and the

calculation results are presented in Figure 15.

o

Figure 14. Shear deformation in the joint core.
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Figure 15. Shear angle of the joint core.

Figure 15 illustrates that during the initial loading phase, the shear deformation in
the core region of each specimen is minimal, and the curves closely align with each other.
However, as the displacement at the beam end increases, noticeable concrete cracking
occurs in the core area of the PC30 joint. The growth rate and peak value of the shear
angle in this joint are significantly higher compared to the other joints. The shear angle of
PHD]J1, PHDJ2, and HDJ increases gradually after complete cracking in the core, reaching
a maximum value that is only one-third of that observed in the PC30 joint. Because the
addition of PVA fibers and basalt fibers in HDRPC helps establish bridging connections
and promote stress transfer, replacing HDRPC at the joint exhibits enhanced shear ductility
and maintains steady-state cracking characteristics [31]. The experimental strain readings
were compared with analytical values calculated using the sectional equilibrium method.
The results showed good agreement, with a maximum deviation of 5% in the joint core
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area. The shear angle of PHDJ1 in the core is approximately 1.5 times more than that of
PHDJ4, suggesting that the spacing between the hoops has a stronger impact on the shear
deformation of the joint. However, it is still less than half of the shear angle observed in the
PC30 joint, indicating that PHDJ1 performs better than the completed concrete joint.

4.8. Load Capacity of Crack Resistant

Certain reinforced concrete frame structures have special requirements for durability
under normal conditions of use and need to avoid cracking. Su et al. [66] have been given
the derivation process and general form of the formula for calculating the cracking capacity
of joints:

Nc

Vier = frbjhjy |1+ [ (6)

where V; ., is the joint shear force when the core area cracks first; b; is the effective width of
the joint core area section; /; is the height of the joint core area section; N is the axial force
transmitted by the column; b, is the column section width; /, is the column section height.
In the case of HDRPC, fy is the initial cracking stress of the dumbbell-shaped pull plate
in the uniaxial tensile test, with an actual test measurement of f;; = 3.5 MPa. The tensile
strength design value for concrete is approximately considered.

Practically, the bond stress between the longitudinal reinforcement of the beam and the
cementitious material in the core area of the joint is unevenly distributed [60]. As a result,
the horizontal shear stress transferred to the core area of the joint is also uneven. To account
for this, a comprehensive influence coefficient 77 needs to be introduced for correction,
based on theoretical formulas [35]. When considering HDRPC joints, it is important to
take into account the positive impact of incorporating PVA fibers and basalt fibers in the
material, which improves fracture resistance. Conversely, the negative impact of using
recycled powder should also be addressed.

The initial shear force test values of joints are generally lower than the calculated
values. According to the calculation results in the table, the comprehensive influence
coefficient 77 = 0.75 can be conservatively taken in the design application, The test value of
shear force at the initial cracking of the joint is calculated by the following Equation (7) [67]:

LMy ho — a;
Vi o=\ T B Ry @

where ) M, is the total of the bending moments at the ends of the beam when the joint

experiences cracking; h is the effective height of the beam section; 4/ is the distance from
the point where the longitudinal reinforcement of the beam intersects to the edge of the
section; H. is the overall height of the column; and #;, is the height of the beam section.

Utilize Equations (6) and (7) to compute the estimated value and test value, respec-
tively, for the fracture-resistance carrying capacity of the core area of each joint. The
outcomes are presented in Table 8.

According to the calculation results in Table 6, it can be seen that the tensile strength of
specimen PC30 normal concrete is poor, and its initial crack load is significantly lower than
other specimens. The initial shear force of specimen PHD]J2-4 increases with the increase in
of axial compression ratio. This is because the increase of axial compression increases the
compression zone area of the column, delaying the occurrence of diagonal tensile cracks.
When the axial compression ratio is the same, the initial cracking loads of PHDJ1, PHDJ2,
and HDJ are close, indicating that the prefabricated joints connected by grouting sleeves
can achieve the same crack resistance as cast-in-place joints, and the lack of reinforcement
has no adverse effect on the initial cracking of the joints. The initial shear force test values of
joints are generally lower than the calculated values. According to the calculation results in
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Table 6, the comprehensive influence coefficient # = 0.75 can be conservatively taken in the
design and application. It is recommended that the formula for the crack-resistance-bearing
capacity of the HDRPC joint oblique section be:

/ N,

Table 8. Load capacity of crack resistance (unit: kN).

Specimens  Load Direction Incipient Crack Initial Cracking Shear T}.le Calcul?ted Value of Vi ool Vi cat
Load, P, Test Value Viexp Initial Cracking Shear Vi cal 183775,

PO e 165 s 2574 06
DL e 213 958 1699 054
PO 5 232 1699 0%
PHD2 s 01 1699 086
PHDR 315 S167 5493 094
PO 3 506 6189 078

4.9. Shear-Bearing Capacity

Hwang and Lee [68] proposed a Softened Strut-and-Tie (SST) model to calculate the
shear strength of external beam—column joints. This model has a clear transmission path
and mechanism, dividing the force-bearing mechanism of the joint area into three parts:
oblique, vertical, and horizontal as shown in Figure 16. The calculation formula for the
shear-bearing capacity of the joint is:

V; = KZ f{ Astrcos 6 9)

where K is the coefficient of the softened tension rod compression rod model; { is the
softening coefficient of compressive strength of concrete; f{ is the compressive strength of
cylindrical concrete, taken as fl = 0.79fcu; Astr is the effective area of the diagonal strut;
6 is the angle between the diagonal strut and the horizontal direction.

Astr = a5 X bs (10)

where 45 is the effective cross-sectional height of the diagonal strut, bs is the effective
cross-sectional width of the diagonal compression bar, which can be taken as the effective

width of the joint b;.
as = \/a} + aZ (11)

where g, is the height of the compression zone of the beam section, a. is the height of the
compression zone of the column section.
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Figure 16. The theory of SST model: (a) diagonal; (b) vertical; (c) horizontal.

In this experiment, under the action of reciprocating loads, plastic hinges were formed
at the ends of the beams on both sides of the core area, and the root of the beam cracked
under tension. The neutral axis of the section moved upward, and the relative height of the
compression zone decreased. a;, can be approximately taken as one-fifth of the height of the
beam section [69]; a. is determined based on axial pressure, and the calculation formula is:

N
ac=(025+0.85—— |h 12
= (025 + 0855 )i 12

When appropriate axial pressure is applied to the top of the column, the effective
cross-sectional height of the diagonal brace will increase, which is beneficial for the shear
resistance of the joint. However, excessive axial pressure will exacerbate the damage to the
concrete in the core area, which is unfavorable for shear resistance.

0 =tan"! o (13)
he —2a./3

where 11} is the distance between the centerline of the outermost longitudinal reinforcement
of the beam section.

7 =335/\/f (14)
K=K, +Ky—1 (15)

K,—1)A _
Kh:1+MSKh (16)

B,

(E - 1)Atvfyv

Ky =1+ — s <K, (17)
(%
— 1
Ky, = 5 (18)
1-02(yn—77)
— 1

K, = 19
T 1-02(70 —12) 19)

where Ay, is the total cross-sectional area of the longitudinal reinforcement in the column;
Aty is the total cross-sectional area of the hoop reinforcement along the horizontal loading
direction within the core area of the column; f,, is the yield strength of the longitudinal
reinforcement of the column; f,; is the yield strength of the hoop reinforcement in the core
area of the column; ), represents the proportion of horizontal tie rod shear force to the total
shear force of the joint; 7, is the proportion of vertical tension rod shear force to the total
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shear force of the joint. F, is the balance tension of the horizontal pull rod; E, is the balance

tension of the vertical pull rod.
_ 2tant — 1

= - 20

T 3 (20)
2cotd — 1

7= @1)

F, = 1Ky flasbjcosd (22)

F, = 7oKy {flasbjsind (23)

The standard GB 50011-2010 [61] is founded on the truss shear mechanism and ac-
counts for the transfer of shear force to the frame joints through the concrete diagonal
compression bars. This includes the axial force of the concrete and columns between the
diagonal cracks in the core area. Additionally, the horizontal hoops exert a restraining
influence on the diagonal compression bars in the joint region. The calculation of this effect
is determined by the following formula:

1 b] th —a
V= P (1.1;7]« fibjhj + o.o5qij—C + fyvAsyjss) (24)

where g is the seismic adjustment coefficient of bearing capacity and is assigned a value
of 0.85. 7; is the influence coefficient of orthogonal beam constraints, assigned a value of
1.0. N is the axial pressure of the column. Ag; is the total cross-sectional area of the hoop
reinforcement within the valid check width of the core area, in the same direction and with
the same cross-section.

The test value of nodal shear is determined by measuring the beam end load at the
core during cracking and then substituted into Equation (7). The theoretical value of shear
capacity is obtained using Equation (24). The resulting values are presented in Table 9. The
calculation results indicate that the test value of nodal capacity, obtained by applying the
design formulas specified, closely aligns with the calculated value. The ratio between the
two has a mean value of 1.03, with a standard deviation and coefficient of variation of 0.05.

Table 9. Comparison of test and calculated values (unit: kN).

Normative Formula

Specimen Load Direction Left Beam Load Right Beam Load  Shear Test Value V,,, Calculated Value V,; Vexp!Vear
PO 02 s 564 99 057
DL e 3 55 6165 w864 105
o w02 6 s 75 109
DR 92 59 G w864 103
DB o w05 o1 s 105
DR 26 3 a6 6167 097

5. Conclusions

This study investigated the cyclic behavior of prefabricated beam—column joints using
high-ductility recycled powder concrete (HDRPC) under low-cycle reversed loading. The
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experimental results and theoretical analyses provide valuable insights into the seismic
performance of HDRPC joints, with the following key conclusions:

(1) HDRPC significantly improves the seismic performance of prefabricated joints
compared to normal concrete. The bearing capacity of HDRPC joints increased by 17.8%,
and the displacement ductility improved by 33.3%. This is attributed to the superior crack
resistance and energy-dissipation properties of HDRPC, which mitigate damage in the joint
core area and delay failure. The use of HDRPC in the joint core area resulted in multi-crack
steady-state cracking, reducing crack widths and shear deformation. This behavior is
critical for achieving robust joint designs in earthquake-prone regions.

(2) The grouting sleeve connection method proved highly effective in ensuring reliable
force transfer between prefabricated beams and columns. It enhanced the bending capacity
of the joint cross-section, allowing for better rotation of the plastic hinge zone at the beam
end. The skeleton curves of HDRPC joints exhibited longer horizontal segments and
gradual degradation, indicating improved ductility and energy dissipation compared to
cast-in-place joints. This demonstrates that grouting sleeves are a superior connection
method for prefabricated structures.

(3) Increasing the axial compression ratio improved the cracking load of HDRPC
joints but accelerated stiffness degradation. The shear capacity initially increased with
higher axial compression but decreased under excessive axial pressure due to concrete
damage in the compression zone. Despite these variations, HDRPC joints maintained
excellent ductility across the tested range of axial compression ratios (0.3 to 0.7), making
them suitable for a wide range of structural applications.

(4) HDRPC joints with reduced hoop reinforcement (e.g., PHDJ1 with 200 mm spac-
ing) exhibited superior performance compared to normal concrete joints with densified
stirrups. This suggests that HDRPC can partially replace hoop reinforcement, simplifying
steel reinforcement arrangements and addressing construction challenges related to dense
reinforcement tying.

(5) The proposed crack-resistance-bearing capacity formula is closely aligned with
experimental results, providing a reliable design tool for HDRPC joints. The Softened
Strut-and-Tie Model (SST) and normative formula (GB 50011-2010) accurately predicted
the shear capacity of HDRPC joints, with a mean ratio of test-to-calculated values of 1.03
and a standard deviation of 0.05.
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