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Precast systems are increasingly favored in modern construction to meet
the growing demands for faster project delivery, cost control, and enhanced
quality assurance. Yet, the feasibility of connections between precast elements
remains a crucial factor affecting the overall structural performance of these
systems. Considering the versatility and dimensional consistency of structural
steel sections, this study introduces an emulative column-to-column hybrid
connection achieved by using welding-spliced steel tubes, with a view to
improving assembly efficiency and on-site quality control. Reversed cyclic
loading tests were conducted on five near full-scale column specimens to assess
the seismic performance of the proposed connection. Results indicated that
this connection method could provide seismic performance comparable to
that of the traditional cast-in-place counterpart. Nevertheless, the anchorage of
the column longitudinal rebars played a critical role, as inadequate anchorages
led to significant reductions in the columns’ lateral capacity. For this reason,
increasing the tube thickness was shown to be insufficient as a substitute for
proper anchorage detailing. Moreover, it was found that the incorporation of
the welded steel tubes shifted the plastic hinge region upward, resulting in a
more extended damage zone—a consequence of the localized stiffening effect.
Finally, existing equations and methods are employed to evaluate the lateral
strength, load-displacement response, and plastic hinge length of the tested
specimens.

KEYWORDS

precast concrete column, steel tube connection, grouted sleeve, seismic performance,
cyclic behavior

1 Introduction

Precast concrete systems have become an integral part of modern construction,
offering distinct advantages such as reduced labor demands, enhanced quality control,
and improved environmental sustainability compared to traditional cast-in-place
(CIP) methods (Englekirk, 2003; Hong et al., 2018; Wong and Loo, 2022). Off-site
manufacturing enables higher precision and better material efficiency, while also
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minimizing waste and environmental impact (Yee, 2001a; Yee,
2001b; Zhang X. et al., 2024). These benefits make precast systems
ideal for applications ranging from buildings and industrial
complexes to large-scale infrastructure projects. However, ensuring
the reliability of connections between precast components remains
a big challenge—especially in seismic regions, where these
connections must accommodate large lateral deformations without
compromising structural integrity (ACI 550R-96, 2001; Khaloo
and Parastesh, 2003; Elliott and Jolly, 2013; Kurama et al., 2018;
Ghayeb et al., 2020a; Hu et al., 2024; Zhang R. et al., 2024).

Currently, grouted sleeve connectors have been typically used
in precast connections (Einea et al., 1995; Ameli et al., 2016;
Tullini and Minghini, 2016; Fan et al., 2020; Liu et al., 2021;
Xu et al., 2022; Zhang et al., 2023). While effective in load
transfer and offering construction tolerances, they present notable
drawbacks. For instance, the grouting process can be labor-intensive
and time-consuming, with outcomes heavily influenced by site
conditions (Yao et al., 2021; Li et al., 2021). Moreover, these
connectors are concealed within concrete, making post-installation
inspection andmaintenance challenging (Henin andMorcous, 2015;
Durgarian et al., 2022).

More critically, grouted sleeve connectors exhibit inherent
seismic limitations, particularly in displacement ductility. Studies
have reported reductions of up to 50% in ductility for precast
columns with grouted sleeves compared to their monolithic
counterparts (Haber et al., 2014; Tazarv, 2014; Ameli et al., 2015;
2016; Al-Jelawy et al., 2018). Liu et al. (2021) noted that while
these connectors performed adequately under moderate axial loads,
their energy dissipation and ductility significantly declined at higher
axial loads. These findings emphasize the need for more robust and
resilient connection systems capable of delivering reliable structural
performance under seismic conditions.

To address these challenges, alternative connection methods
have been widely investigated. A range of innovative solutions
has been proposed to simplify construction processes, improve
structural performance, and facilitate maintenance (as summarized
in, e.g., Englekirk, 2003; Dal Lago et al., 2018; Ghayeb et al., 2020b;
Guaygua et al., 2023). These strategies often involve mechanical
connections using bolts, splices, or similar devices (Vidjeapriya and
Jaya, 2013; Yekrangnia et al., 2016;Han et al., 2018; Baran et al., 2021;
Nascimbene and Bianco, 2021; Qing et al., 2022; Zhou et al., 2022;
Ahn et al., 2023), as well as prestressed or post-tensioning tendons,
strands, rods, or reinforcing bars (Stone et al., 1995; Wang et al.,
2018; Quiel et al., 2019; Kim et al., 2021; Kim et al., 2022). Welded
connections have also been explored (Bhatt and Kirk, 1985; Ersoy
and Tankut, 1993; Naito et al., 2012; Rodríguez and Torres-Matos,
2013; Girgin et al., 2017; Menegon et al., 2020; Dal Lago et al.,
2022). Furthermore, the incorporation of high-performance
materials has demonstrated potential for improving structural
performance and ductility in precast connections (Xu et al., 2019;
Ma et al., 2021; Zhang X. et al., 2024).

Among the emerging innovations, hybrid precast beam-to-
column connections have shown significant promise. Ghayeb et al.
(2023) conducted a comprehensive review of these systems,
categorizing them into three types: Type I (dry and wet connections
utilizing steel sections), Type II (compositematerial-based systems),
and Type III (a combination of Type I and Type II). Their findings
highlight the robustness and adaptability of steel sections integrated

with the inherent advantages of precast concrete, effectively
replicating the behavior of monolithic connections.

As early as the 1980s, Pillai and Kirk (1981) used steel plates
to connect precast beam bars with reinforcing bars in the core of
the joint through welding. They observed that all precast specimens
endured an equal or greater number of lateral load cycles compared
to their cast-in-place counterparts, achieving nearly twice the
ultimate rotation. Since then, numerous studies have made use
of the flexibility, dimensional precision, and availability of steel
sections for precast joint detailing. For example, Korkmaz and
Tankut (2005) explored a precast beam-to-beam connection using
welded plates at the bottom and lap splices for the top steel,
which exhibited satisfactory performance under testing. Later on,
Li et al. (2009) employed steel angle sections to connect precast
beams and columns, demonstrating adequate ductility and strength
under cyclic loading, comparable to monolithic specimens. Their
results also revealed that embedding steel sections in joint core
greatly enhanced its strength, enabling specimens to carry story
shears up to a drift ratio of 3.5. Choi et al. (2013) developed
a wet precast connection with steel plates for joint continuity,
achieving improved strength and ductility under cyclic loading.
In a related effort, Ghayeb et al. (2017) introduced a dry precast
connection combining steel plates and bolts, which delivered a
superior seismic response compared to conventional CIP specimens,
along with more stable load-displacement behavior and greater
energy dissipation. Notably, the dry connection achieved drift ratios
as high as 9.0%.

In recent years, research on hybrid precast connections
has expanded significantly, offering valuable insights into the
development of precast structures. Ghayeb et al. (2020a) proposed
hybrid connections incorporating steel tubes, plates, and couplers,
which demonstrated attainable drift ratios up to 50% higher
than monolithic connections. Senturk et al. (2020) developed a
monolithic-like precast connection with bolted plates, achieving
a 34% improvement in both ductility and ultimate deformability.
Zhang et al. (2020) advanced the field further by designing a
precast connection system integrating highly ductile rods or steel
shapes within the joint core. This approach significantly enhanced
strength, reduced stiffness degradation, and improved energy
dissipation, outperforming conventional monolithic designs. In
addition, the addition of steel fiber concrete further boosted seismic
performance. Ye et al. (2021) proposed a hybrid beam-to-column
connection using an I-steel connector with high-strength bolts,
which effectively mitigated stress concentrations while matching the
performance of CIP connections. Albright et al. (2022) proposed
the “New Performance System” (NPS®), a steel-concrete composite
moment-resisting frame with superior strength, stiffness, ductility,
and energy dissipation under simulated seismic conditions. More
recently, Guan et al. (2023) developed a partially precast steel-
reinforced concrete (PPSRC) beam-to-column connection, which
shifted the plastic hinge away from the joint, resulting in enhanced
strength, ductility, and energy dissipation compared to traditional
connections.

Despite these advancements, challenges remain in optimizing
these hybrid connections for practical application. Complex
construction processes, high costs, and the need for specialized
materials or workmanship continue to hinder wider adoption.
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FIGURE 1
A emulative connection using butt-welded steel tubes embedded in precast columns.

Therefore, innovative solutions are still needed to balance structural
performance with practical feasibility.

In response to these challenges, this study proposes a beam-
to-column hybrid connection, as illustrated in Figure 1. This
connection is achieved through welding-spliced steel tubes. The
longitudinal rebars of the upper and lower precast columns are
welded to the steel tubes embedded in the respective columns. The
upper column includes a shorter steel tube connector, while the
lower column features a longer steel tube extending through the joint
core. The bottom longitudinal rebars of the precast beams are bent
and anchored to a steel corbel extending from the lower column’s
steel tube (for clarity, this detail is omitted in Figure 1). The upper
longitudinal rebars of the precast beams pass through pre-formed
holes in the steel tube during construction. On-site, the steel tube
connector of the upper column is welded to the steel tube of the
lower column (Figure 1). Finally, the lower steel tube is filled with
concrete through an inclined closure pour hole in the upper column,
forming the proposed hybrid connection.

Compared to traditional grouted sleeve connections, this new
connection eliminates the need for on-site grouting of the main
reinforcement, therebymitigating potential quality issues associated
with grouting inconsistencies. Additionally, the welding-spliced
steel tubes leverage the adaptability and dimensional precision
of structural steel sections, which simplifies installation and
improve alignment during assembly. Welding, a familiar practice
for construction workers, enhances reliability compared to the
complexities of sleeve grouting.

As noted by Alfred A. Yee over 60 years ago (Yee, 1962),
maintaining dimensional accuracy in precast concrete production
remains a significant challenge due to concrete’s heterogeneity and
the variability of materials and processes involved. Factors such
as aggregate type, cement content, and curing methods contribute

to dimensional discrepancies, including length, camber, or twist.
Human errors, such as misplacement of inserts or mismeasurement,
exacerbate these issues, leading to costly errors in both field and
factory. By incorporating the precision of structural steel sections,
installation efficiency in precast systems can be greatly improved.
This is the underlying rationale behind the development of the
proposed hybrid connection.

Apparently, the column-to-column connection is a pivotal part
of the proposed hybrid connection. To evaluate its efficiency and
robustness, five large-scale specimens were tested to failure under
lateral load reversals. The key experimental parameters included
the anchorage conditions of column longitudinal rebars within
the joint’s steel tube (i.e., the steel tube extended from the lower
column), as well as the thickness of the spliced steel tubes, both
of which would significantly affect the connection’s performance.
The experiments assessed critical seismic behaviors, including
hysteresis response, energy dissipation, and strength degradation.
Additionally, this study explored how to predict the lateral strength,
load-displacement response, and plastic hinge length of the column
specimens.The outcomes of this study will serve as a basis for future
research on the beam-to-column connection concerned.

2 Experimental program

2.1 Specimen design

Theexperimental program for this project included a total of five
square column specimens: four precast columns (designated as PC-
C1 to PC-C4) and one reference cast-in-place column (CIP-C0).The
assembly process for the precast specimens is illustrated in Figure 2,
while Figure 3 provides the structural details of all specimens. Key

Frontiers in Materials 03 frontiersin.org

https://doi.org/10.3389/fmats.2024.1525718
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Ji et al. 10.3389/fmats.2024.1525718

FIGURE 2
Schematic of assembly of the precast column model.

experimental parameters are summarized in Table 1. Each specimen
was nearly full-scale, with a total height of 2,200 mm (including
the foundation beam). The effective column shaft length (measured
from the load point center to the foundation beam top) was thus
1,400 mm.The column shafts had a square cross-section measuring
400 mm × 400 mm.

The specimens were designed to investigate the influence of
two primary parameters on the performance of the proposed
connection:

(1) Anchorage ratio of column longitudinal rebars:This parameter
was varied to examine how the degree of rebar engagement
within the steel tube embedded in the foundation beam
(referred to as the base steel tube or the foundation steel tube)
affects the lateral load transfer mechanism and overall seismic
performance. Specifically, these anchorage ratios were 0 (no
rebar extended), 1/3 (only the four corner rebars extended), 1
(all rebars fully extended), and 0 for PC-C1, PC-C2, PC-C3 and
PC-C4, respectively. These ratios chosen (0, 1/3, 1) represent
typical configurations in practical precast design scenarios;

(2) Steel tube thickness: Two thickness levels (4 mm and 8 mm)
were selected to study the effect of localized stiffening on
the plastic hinge behavior and the distribution of damage.
Specifically, the steel tube wall thickness was 4 mm for PC-
C1 through PC-C3, while PC-C4 had a thicker tube of
8 mm. All the steel tubes had a uniform side length of
340 mm. From Figure 3, it can be observed that after the steel
tube connector in the precast column was aligned and welded

to the extruded steel tube in the foundation beam, the exposed
length of the steel tubes outside the concrete was 80 mm.

The above test parameters were chosen because they are critical
to the performance of the proposed connection.The anchorage ratio
directly influences the interaction between the longitudinal rebars
and the steel tubes, while the steel tube thickness governs the tube’s
ability to resist local buckling and contribute to force transfer.

All specimens were subjected to a constant axial compression
ratio of 0.3. The fabrication process for the precast specimens is
detailed in Figure 4. Fabrication began with tying reinforcement for
the column shaft and foundation beam. Each precast column had
a 140-mm-tall steel tube connector embedded at its bottom end,
with 40 mm extending beyond the concrete (Figure 4C). Inside the
precast column, the longitudinal rebars were placed snugly against
the inner surface of the tube connector. At the same time, the rebars
and the connector were attached using 90-mm-long double-sided
fillet welds (Figure 4A).

For the CIP-C0 specimen, a single continuous pour was
employed. In contrast, the precast specimens were fabricated in two
steps. First, the column shaft was cast and allowed to cure until
the target strength was achieved. Next, the shaft was welded to
the foundation’s base steel tube via full penetration butt welds at
their beveled ends. Concrete was then poured through a 70-mm-
diameter inclined closure hole and thoroughly vibrated to ensure
proper consolidation. Finally, a thin layer of concrete was applied
around the welded steel tubes to protect them and provide a smooth
surface for the precast column shaft (Figure 4F).
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FIGURE 3
Design details of column specimens (unit: mm).

2.2 Materials

The column shafts and the foundation beams were cast using
C30-grade concrete (30 MPa design strength). During testing, the
measured compressive strength of the concrete was 37.5 MPa (150-
mm cube samples), while the post-cast concrete poured through the

closure hole had a strength of 32.6 MPa.The reported strengths were
averages based on at least three samples.

Both the steel tube connectors and foundation steel tubes
were made of Q355-grade steel. For all of reinforcing bars used,
the strength grade was HRB400. The columns were reinforced
with twelve 16-mm-diameter longitudinal rebars, providing a
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TABLE 1 Test matrix of specimens.

Specimen name Steel tube thickness (mm) Anchorage ratio a Axial load ratio n

CIP-C0 0 1 0.3

PC-C1 4 0 0.3

PC-C2 4 1/3 0.3

PC-C3 4 1 0.3

PC-C4 8 0 0.3

FIGURE 4
Casting and assembly process of specimens. (A) Welds between column longitudinal rebars and steel tube connector (STC) (B) Installation of plastic
pipe for forming inclined closure pour duct (C) Completion of casting of precast columns with extruded rebars and STCs (D) Installing a precast
column by aligning and welding exposed steel tubes (E) Filling foundation steel tube with concrete (through inclined closure pour hole) (F) The final
appearance of precast column specimens erected outside the lab.

reinforcement ratio of 1.51%. Stirrups were 8-mm-diameter
four-legged ties, spaced at 100 mm. The actual tensile properties
of the rebars and steel tubes were measured, with details
provided in Table 2.

2.3 Loading protocol and instrumentation

The experiments were conducted at the Structural Engineering
Laboratory of South China University of Technology. Each

specimens was anchored to the lab’s strong floor using a restraint
system. Lateral loads were applied incrementally using an MTS
electro-hydraulic actuator in a low-cycle push-pull manner.
Additionally, a jack with roller supports was used to apply axial
load to each specimen.The axial load was managed to keep constant
at 1,400 kN, corresponding to an axial compression ratio of 0.3. The
complete loading setup is shown in Figure 5.

An array of linear variable displacement transducers (LVDTs)
was mounted on the lower part of the specimens to monitor
curvature changes and slip rotations there (Figure 6). Strain gauges
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TABLE 2 Measured tensile strengths of steels used in the tests.

Steel type Diameter or thickness (mm) Yield strength (MPa) Ultimate strength (MPa)

Rebar
8 406.8 616.3

16 451.1 642.9

Tube
4 mm (actual: 3.78 mm) 372.3 504.6

8 mm (actual: 7.76 mm) 407.1 538.2

FIGURE 5
Test setup.

were attached to key locations on the rebars and steel tubes
within the columns and foundations. All instrument readings were
automatically collected by a computer system. To better observe
concrete cracking, each specimen was coated with whitewash.

According to ACI 374.1-05, (2005) guidelines, the cyclic loading
was run in a displacement-controlled mode, with drift ratios
stepping up as follows (±%): 0.1, 0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 2.5,
3.0, 3.5, and 4.0. Each drift level was cycled three times. For safety,
testing was terminated when the lateral load dropped to 80–85% of
its peak value.

3 Test results

3.1 Failure process

All the specimens demonstrated stable loading behavior
until significant damage occurred. The cracking pattern and
failure modes of both the monolithic and precast columns
are shown in Figure 7. Flexural-dominated failure modes were
observed across all specimens, characterized by concrete spalling

and crushing concentrated in the lower regions of the columns.
However, variations in the connection details resulted in differing
extents and distributions of damage.

During the initial loading phase, small horizontal hairline cracks
were observed in all specimens. As the drift ratio increased, flexural
cracks became more pronounced, and the concrete cover began to
spall off, leading to flexural-compression failure near the column
base.This failure wasmarked by crushed concrete and local buckling
of the longitudinal rebars.

Most notably, in comparison to the CIP column, the precast
columns displayed a broader failure zone due to the presence of
welding-spliced steel tubes extending 180 mm from the column-
foundation interface. This shifted the failure region upwards,
where significant concrete spalling and longitudinal rebar buckling,
including fractures, were observed (Figure 7). When the drift ratio
reached 2.5%, several diagonal cracks appeared in specimens PC-C3
and PC-C4. Additionally, as the rebar anchorage ratio and steel tube
thickness increased, the severity of the localized damage above the
welded tubes intensified.

Specimen PC-C1, which lacked anchored rebars, relied
primarily on the welded steel tubes to transfer internal forces
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FIGURE 6
Arrangement of LVDTs within and beyond the column hinge zone (unit: mm).

(axial load, shear force, and bending moment) to the foundation
beam. Under reversed cyclic loading, the corners of the steel tubes
exhibited noticeable buckling, eventually tearing open during the
later loading stages (Figure 7).This localized failure indicated that, in
the absence of anchored column rebars and with thinner steel tubes,
the welded tube region bore the majority of stresses, concentrating
damage in themselves.

Specimen PC-C2, with a 1/3 rebar anchorage ratio (corner
rebars only), displayed less severe buckling at the steel tube corners.
Instead, localized buckling occurred at the central region of the
welded tubes (Figure 7), and the longitudinal rebars above the tubes
showed clear signs of local buckling. This suggested that the corner
rebars extending into the foundation worked synergistically with
the steel tubes to distribute internal forces, reducing the extent
of tube damage. As a result, the failure zone shifted higher up
compared to PC-C1.

Similarly, specimen PC-C3, featuring fully anchored
longitudinal rebars, exhibited no apparent damage to the welded
tubes (Figure 7). Instead, failure was concentrated in the column
shaft above the tube region. Among all specimens, the upward
shift in the failure zone was most pronounced in PC-C3. The
increased flexural capacity in the welded tube region, resulting
from the combined action of the steel tubes and fully anchored
rebars, contributed to this phenomenon. This observation aligns
with established findings in seismic studies, where localized
strengthening alters failure progression and extends damage zones
upwards (e.g., Al-Jelawy et al., 2018; Lee et al., 2022).

Specimen PC-C4, incorporating thicker welded steel tubes
(8 mm) but no anchored rebars, exhibited an upward shift in the
damaged zone similar to PC-C3. However, the absence of extended
rebars limited the efficiency of load transfer. As a consequence, the
increased tube thickness enhanced the flexural stiffness in the tube
region but failed to improve overall lateral strength without proper
rebar anchorage.

The broader damage zone observed in precast columns has both
advantages and disadvantages: while it helps to distribute plastic
deformations along the column shaft, potentially enhancing energy
dissipation capacity (as detailed later), it also complicates post-
earthquake repair due to the widespread nature of the damage.

It was also observed that the corner rebars in all precast columns
(except PC-C1) fractured above the welded tubes. Still, none of the
specimens exhibited any failure at the butt welds between the tube
connector and the foundation tube.This confirmed the reliability of
the welded connections, which showed no signs of detachment or
weakness during testing.

3.2 Lateral load response

The lateral load-displacement responses for each
specimen, measured at the column tip, are illustrated in
Figure 8, including both hysteresis loops (Figures 8A–E) and
backbone curves (Figure 8F). As expected for concrete columns
undergoing flexural-dominated failure, the hysteresis loops showed
a typical “spindle” shape, indicative of full and stable energy
dissipation.

Among the precast specimens, PC-C1 exhibited a significant
reduction in lateral load-bearing capacity (around 20% on average)
compared to the monolithic specimen (CIP-C0). PC-C2, with
partially anchored longitudinal rebars, exhibited some recovery
in lateral capacity compared to PC-C1, though it remained
approximately 15% lower than CIP-C0. PC-C3, with fully anchored
longitudinal rebars, demonstrated a load-bearing capacity nearly
equivalent to CIP-C0, suggesting that the lateral resistance had been
almost completely restored, although its peak load was reached
slightly later. PC-C4, incorporating thicker steel tubes but no
anchored rebars, showed only marginally higher lateral strength
than PC-C1.
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FIGURE 7
Failure process and final appearance of specimens.

These findings clearly indicate that when the column
longitudinal rebars are not anchored into the joint core
(namely, the foundation beam in this testing setup), the
load transfer mechanism depends on the welding-spliced

steel tubes. Consequently, the lateral load-bearing capacity of
the precast columns is reduced compared to the fully cast-
in-place specimen. Three primary reasons may explain this
reduction:
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FIGURE 8
Lateral load-displacement responses of specimens. (A) CIP-C0 (B) PC-C1 (C) PC-C2 (D) PC-C3 (E) PC-C4 (F) Backbone curve.

(1) Steel tube wall thickness: Although the overall cross-sectional
area of the welded steel tubes was roughly equivalent to that of
the column longitudinal rebars, the steel tubewalls in PC-C1 to
PC-C3, at only 4 mm thick, were susceptible to local buckling

under flexural-compression loads. This buckling caused a
measurable reduction in the peak load of the precast columns;

(2) Cold joint near the column-foundation interface:The presence
of a cold joint between the precast column and the foundation
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FIGURE 9
Failure mechanisms of precast column specimens. (A) Without column rebar extended (B) With column rebar extended.

beam hindered effective shear and moment transfer. Cold
joints inherently create weak points where material continuity
and structural integrity are compromised, especially under
cyclic or seismic loading. This phenomenon is a known
limitation of precast systems and one of the primary reasons
why precast connections typically exhibit inferior performance
compared to CIP connections (Englekirk, 2003; Kishen and
Rao, 2007; Davaadorj et al., 2020);

(3) Post-Cast concrete strength: The compressive strength of the
post-cast concrete used in the tests was lower than that of
the precast concrete. This disparity further reduced the lateral
load-bearing capacity of the precast columns.

Figure 9 attempts to explain the different failure mechanisms
caused by whether or not the downward extension of the column
longitudinal rebars was adopted. This figure, in combination with
the test results for the columns’ lateral strength, highlights a clear
relationship between the rebar anchorage and the load-resisting
mechanisms. It is reasonable to believe that the presence of the cold
joint could compromise the reliability of force transfer, particularly
due to potential inconsistencies during the casting process. In
such cases, the downward extension of the column rebars becomes
especially critical. As the rebar anchorage ratio increased, the
engagement of the longitudinal rebars improved, thereby reducing
the reliance on the steel tubes to bear the entire load. This
enhancement in load transfer paths allowed the lateral capacity of
the precast columns to progressively recover, eventually matching
that of the fully monolithic column.

It was observed that PC-C1 did not exhibit the gradual
hardening trend seen in the other specimens during push-direction
excursion. This lack of hardening resulted in an asymmetrical
hysteretic response for PC-C1 between the push and pull directions.
The exact cause of this behavior is not yet fully understood, but it
is hypothesized that it may primarily be attributed to the absence

of downward-extended longitudinal rebars into the base tube in
PC-C1. Without these rebars, the force transfer mechanism heavily
relies on the welded steel tubes, which could lead to less stable
post-peak performance. Additionally, the presence of the cold joint
might contribute to this phenomenon. In particular, there may have
been “loose” contact between the post-cast concrete and the precast
portion on one side of the column, affecting the load-resisting
behavior.While this issue could potentially bemitigated by ensuring
that the column rebars are extended into the base tube, as seen in
other specimens, additional experimental evidence is required to
verify whether this behavior is a general characteristic of this type
of connection or a specimen-specific anomaly.

Another important observation from the design and testing
phases was that merely increasing the steel tube thickness (i.e.,
reducing the width-to-thickness ratio) was insufficient to improve
force transfer or lateral strength (as is the case of CIP-C4).
This outcome underscores the inefficiency of increasing steel tube
thickness alone, which not only results in excessive steel usage but
also fails to address the underlying load transfer inefficiencies.

For optimal performance in engineering design, it is more
effective to ensure that the steel tube’s yield capacity under
lateral loads is well-matched to that of the longitudinal rebars.
Furthermore, it is critical to anchor a portion of the longitudinal
rebars inside the steel tube within the joint region. This anchorage
is essential for the proposed precast connection system to achieve
reliable performance. Beyond this, further increases in steel tube
thickness appear to be unnecessary and unwarranted.

3.3 Ductility

Theprimary test results for all specimens, including the ductility
coefficient, are summarized in Table 3. According to Park et al.
(1982), the displacement ductility coefficient, μ, is defined as

Frontiers in Materials 11 frontiersin.org

https://doi.org/10.3389/fmats.2024.1525718
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Ji et al. 10.3389/fmats.2024.1525718

TABLE 3 Main test results.

Specimen name Yield load Peak load Ultimate load Ductility

Vy (kN) Δy (mm) Vp (kN) Δp (mm) Vu (kN) Δu (mm) μ

+ - + - + - + - + - + -

CIP-C0 215.7 180.2 8.6 7.8 256.1 213.2 19.5 21.6 217.7 181.3 36.0 38.2 4.54

PC-C1 145.9 168.2 7.7 6.6 166.8 199.3 11.6 14.3 141.8 169.4 36.9 38.4 5.31

PC-C2 158.9 175.1 10.3 7.5 195.5 199.9 22.1 11.0 166.2 169.9 41.9 39.3 4.65

PC-C3 201.4 182.4 9.6 8.6 238.7 214.0 28.0 24.7 202.9 181.9 42.0 35.8 4.27

PC-C4 155.1 186.5 6.6 7.4 177.3 214.3 11.5 11.1 150.7 182.1 41.1 39.2 5.76

μ = Δu/Δy, where Δu and Δy represent the ultimate and yield
displacements, respectively.

From the results shown in the table, it is evident that the
ductility coefficients of the precast column specimens are generally
comparable to, or slightly higher than, those of the reference CIP
specimen. This can likely be attributed to the different detailing
solutions adopted by the CIP column and precast columns.

In the case of the CIP column, after reaching the peak load,
the rebars at the column base began to buckle severely, engaging
the stirrups and displacing them outward. As a result, the loss of
confinement caused the concrete crushing zone to extend deep
into the center of the column base (Figure 7). This uncontrolled
breakdown of the concrete at the column base led to a sharper
decline in the lateral strength.

In contrast, for the precast columns, although the steel tubes did
not contribute to a higher lateral capacity, they continued to provide
confinement to the internal concrete after the peak load, preventing
significant crushing. Unlike longitudinal rebars and stirrups in the
CIP column, which were spaced apart, the steel tubes offered a
uniform and consistent wrapping effect around the concrete. This
continuous confinement limited the spread of the crushing zone at
the column base and, instead, shifted it upward. Consequently, the
post-peak deformation capacity of the precast columns was, at least,
not inferior to that of the CIP specimen.

It is also noteworthy that all the specimens achieved lateral
drift ratios greater than 2% at the point of failure, which met the
requirements of the Chinese seismic code (GB50011-2010, 2010).
This further demonstrates that the proposed column-to-column
connection is suitable for applications in seismic regions.

3.4 Stiffness reduction and strength decay

As the lateral drift increased, the stiffness of the columns
decreased correspondingly. Figure 10 compares the degradation of
the average secant stiffness, K i, for each specimen in both the push
and pull loading directions. K i is defined in Equation 1:

Ki =
|+Fi| + |−Fi|
|+Xi| + |−Xi|

(1)

FIGURE 10
Stiffness reduction varied with drift ratio.

where +Fi, -Fi are the positive and negative peak loads at the i-th
drift level, respectively; +X i, -X i are the corresponding positive and
negative peak displacements for + Fi and -Fi, respectively.

As shown in Figure 10, the average secant stiffness of all
columns decreased as the drift ratio increased. Compared to the
monolithic column, the precast columns exhibited generally lower
overall average secant stiffness, especially in terms of the initial
stiffness. However, during early loading phase, the secant stiffness
of the monolithic column dropped more rapidly than the precast
specimens. As the drift continued to increase, the difference in
the secant stiffness between the precast and monolithic columns
gradually diminished. By the time the drift ratio reached 2%, the
secant stiffness of the precast columns was almost identical to that
of the monolithic column.

In the precast columns, the presence of the cold joint near
the base appeared to result in lower initial stiffness. Conversely,
the monolithically cast column, free from a cold joint, exhibited
stronger initial stiffness. However, at higher drift ratios, the CIP

Frontiers in Materials 12 frontiersin.org

https://doi.org/10.3389/fmats.2024.1525718
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Ji et al. 10.3389/fmats.2024.1525718

FIGURE 11
Strength decay varied with drift ratio.

column experienced severe concrete crushing, leading to a loss of
confinement (as previously discussed) and causing a more rapid
degradation in stiffness.

At the same lateral displacement level, the maximum load
sustained by a concrete specimen decreases as the number of
hysteresis loops increases.This phenomenon, commonly referred to
as in-cycle strength degradation (or simply strength degradation),
was assessed by the strength degradation coefficient λ (Paulay and
Priestley, 1992), which is determined by the ratio of the second
peak load to the first peak load at the same drift ratio (namely,
λ = V i, 2nd/V i, 1st, where V i, 2nd and V i, 1st are, respectively, the
foresaid second peak load and the first peak load at the same
drift ratio i). The values of λ for each specimen are presented
in Figure 11.

As illustrated in Figure 11, before the drift ratio reached 0.5%,
the λ values for all specimens were generally higher than 0.95,
indicating that the specimens exhibited minimal damage at this
stage, with the in-cycle strength reduction rate not exceeding
5%. Beyond this point, the in-cycle strength loss became more
pronounced as the drift ratio increased for all specimens.

For the precast columns, the lowest λ values ranged
between 0.89 and 0.94. This suggests that even when the
corner longitudinal rebars of the precast columns fractured,
the strength reduction at the same drift level remained limited.
However, a subtle trend can be observed from Figure 10: at
larger drift ratios, the in-cycle strength deterioration of the
CIP-C0 column appears to be less significant compared to the
precast specimens.

A plausible explanation for this trend lies in the reloading
stiffness of CIP-C0, which consistently remained higher than
that of the precast specimens, likely due to the absence of
the cold joint. This higher stiffness allowed CIP-C0 to retain
more strength within the same hysteresis loop at a given
deformation level. Nevertheless, this advantage diminished as
CIP-C0 exhibited a steeper descending branch in the post-peak

FIGURE 12
Evolution of energy absorption.

region, reflecting its rapid strength deterioration under larger
drift demands.

3.5 Energy dissipation

As the drift ratio increased, the energy dissipation capacity of
each specimen, represented by the area enclosed by the hysteresis
loops, is shown in Figure 12. The results indicate that, prior to
a drift ratio 2.5%, the energy dissipation capacity of the precast
columns consistently exceeded that of the monolithically cast
column. However, beyond that drift ratio, specimen PC-C1, due to
the severe buckling of the welded steel tubes, exhibited a slightly
lower energy dissipation capacity compared to CIP-C0. Despite this,
the overall energy dissipation performance of the precast columns
remained comparable to, and in some cases exceeded, that of the
monolithic column.

A similar trend is observed in the equivalent viscous damping
ratio, ξeq, as shown in Figure 13 and Table 4. These results further
corroborate the conclusion that the precast columns exhibited
favorable hysteretic behavior under cyclic loading.

The above desirable energy dissipation capacity observed in the
precast columns was probably related to the additional confinement
provided by the welded steel tubes.These tubes reduced the severity
of concrete spalling and crushing, thereby enhancing the hysteretic
behavior and allowing the precast columns to sustain greater energy
dissipation during loading cycles. Additionally, the more extensive
damage along the column shaft also appeared to contribute to
enhanced energy dissipation.

It is important to reiterate that grout-filled sleeve connections
have been shown to perform well under seismic loading, as noted
in the Introduction section; however, scholars have also reported
that these connections may exhibit reduced displacement ductility
compared to monolithic connections (Haber et al., 2014; Tazarv,
2014; Ameli et al., 2015; 2016; Al-Jelawy et al., 2018). In contrast, the
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FIGURE 13
Values of ξeq varied with drift ratio.

TABLE 4 Comparison of ξeq at different drift ratios.

Drift
ratio
(%)

CIP-
C0

PC-C1 PC-C2 PC-C3 PC-C4

0.1 0.106 0.109 0.101 0.105 0.098

0.25 0.089 0.101 0.099 0.095 0.089

0.5 0.077 0.096 0.103 0.087 0.090

0.75 0.073 0.107 0.124 0.089 0.127

1.0 0.080 0.129 0.139 0.104 0.148

1.5 0.132 0.182 0.176 0.154 0.187

2.0 0.170 0.226 0.212 0.196 0.219

2.5 0.207 0.247 0.236 0.232 0.252

3.0 0.245 0.274 0.260 0.263 0.285

3.5 0.284 0.315 0.290 0.293 –

proposed welded steel tube connection demonstrated comparable
ductility and energy dissipation to the CIP specimen, even under
varying rebar anchorage ratios. Specifically, in terms of the value
of ξeq, Al-Jelawy et al. (2018) reported that for precast columns
employing grout-filled sleeves, ξeq did not exceed 0.25 up to the
point of failure. In comparison, the precast columns in this study
achieved a maximum ξeq value of 0.32, clearly demonstrating
superior energy dissipation capacity. This is precisely one of the key
advantages of the proposed connection.

3.6 Plastic hinge deformation

Plastic hinge deformations in concrete columns are critical in
assessing their seismic performance.These deformations result from
a combination of flexural displacements, shear deformations (if
present), and localized rotations caused by bond slip of longitudinal
rebars, which are strongly influenced by strain penetration into the
foundation beam.

In the current tests, the plastic hinge deformations were
quantified using the instrumentation configuration illustrated in
Figure 6. The individual displacement components for each column
are presented in Figure 14, divided into four regions, S1 through S4,
which contributed varying proportions to the lateral deformation at
the column tip.Theunknown errors in the figure likely resulted from
measurement inaccuracies or unmonitored shear deformations,
among other factors.

For the CIP column, it is evident that regions S1 and S2
contributed the most to the overall column tip deformation. At
higher levels of lateral deformation, their combined contribution
reached up to 70%. Notably, S2 alone contributed more than 40%,
while S1 (associated with bond slip) accounted for over 20%. These
findings are consistent with the experimental observations, where
damages primarily occurredwithin approximately 300 mm from the
column base. It is important to note that bond slip contributions
exceeding 20% are not uncommon; several studies (e.g., Bae and
Bayrak, 2008; Al-Jelawy et al., 2018) have reported that bond slip
is a key contributor to column tip displacement, accounting for up
to 50% of total deformation in some monolithic columns.

When it comes to the precast columns (except PC-C1), the
combined contributions of S1 and S2 were generally lower than
those in the CIP column. Instead, the contributions of S3 and S4
increased significantly. For instance, in PC-C3, the contributions of
S3 and S4 to lateral displacement exceeded 40%.This is in agreement
with the experimental observations. The use of welded steel tubes
and well-anchored column rebars in the precast columns led to
more extensive damage zones further from the column base, which
explains the increased weight carried by regions S3 and S4.

For PC-C1, where the longitudinal rebars did not run down into
the foundation, the primary load transfer mechanism was through
thewelded steel tubes. Because of that, the contribution of S1was the
highest among all columns (note: for the precast columns, a portion
of the S1 deformationmay have originated from local buckling of the
welded steel tubes). At the same time, the contributions of S3 and S4
were smaller, with S2 contributing the most.

In the other precast columns, the contribution of S3 (primarily
corresponding to the region 220 mm above the welded steel tubes)
was significant. For PC-C3 and PC-C4, S3 alone contributed more
than 20% of the lateral deformation. Accordingly, the contribution
of S1 in these columns dropped off, gradually falling below 20% in
the later stages of loading.

3.7 Strain analysis

Tensile strains measured from the longitudinal rebars and welded
steel tubes (where applicable) offer valuable insight into the extent and
distribution of plasticity along the column shafts. The tensile strain
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FIGURE 14
Deformation components of each column.

profiles for each column specimen are presented in Figure 15, up to
the drift ratio where the measured data remained reliable.

As expected, the CIP column (Figure 15A) developed plasticity
primarily concentrated in the lower portion of the column,
with some spreading into the foundation beam. In contrast,
for the precast columns, yielding of the longitudinal rebars was
observed above the welded tubes, and the plasticity continued
to propagate upward along the column shaft as the drift levels
increased.

For PC-C1, the steel tube yielded relatively early, at a drift ratio
of 0.5%.This early yielding was likely due to the absence of anchored
longitudinal rebars, which caused the welded steel tubes to bear the
majority of the stresses. As the proportion of longitudinal rebars
anchored into the foundation increased (e.g., PC-C2 and PC-C3),
the high-stress concentration in the steel tubes was alleviated, and
the tensile stresses in the longitudinal rebars were distributed more
uniformly. This trend highlights the synergistic role of anchored
rebars and steel tubes in managing stress distribution and delaying
the progression of plasticity.

Similarly, an increase in steel tube thickness delayed the onset
of yielding. By comparing the strain distributions in PC-C1 (4 mm
thick steel tubes) and PC-C4 (8 mm thick steel tubes), it is evident
that the thicker tubes effectively postponed yielding and reduced
stress concentrations in the steel tubes. This delayed yielding
underscores the importance of tube thickness in influencing the
progression of plasticity within the column shaft.

4 Discussion

4.1 Plastic hinge length

The determination of plastic hinge length is essential for
both seismic modeling and performance evaluation of concrete
columns. For the column-to-column connection proposed in this
study—which employs welding-spliced steel tubes—the plastic
hinge length tends to be longer than that of conventional CIP
columns.This section evaluates the plastic hinge lengths of the tested
columns using existing prediction formulas.

The plastic hinge length, LP, can be calculated using the formulas
proposed by Paulay and Priestley (1992), Lu et al. (2005), and Ning
and Li (2016), which are expressed in Equations 2a–2c:

PaulayandPriestley:LP = 0.08L+ 0.022 fydb (2a)

Luetal.:LP = 0.077L+ 8.16db (2b)

NingandLi:Lp = (0.042+ 0.072P/P0)L+ 0.298H+ 6.407db (2c)

where L = the column length;H = the section height; db and fy = the
diameter and the yield stress of the longitudinal rebars, respectively;
P and P0 = the applied axial load and the axial load capacity of the
column, respectively.

For the tested columns, the plastic hinge lengths were
determined by analyzing the strain profiles and applying
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FIGURE 15
Strain profiles of longitudinal rebars and steel tubes at different drift ratios. (A) CIP-C0 (B) PC-C1 (C) PC-C2 (D) PC-C3 (E) PC-C4.

linear interpolation to estimate the length (Al-Jelawy et al.,
2018). The measured plastic hinge lengths for each column
are illustrated in Figure 15. To account for the effect of
the welding-spliced steel tubes, the calculated LP values

were adjusted by adding the length of the welded tubes
(180 mm). This adjustment reflects the contribution of localized
strengthening provided by the welded tubes to the overall plastic
hinge behavior.
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TABLE 5 Comparison of measured and predicted plastic hinge lengths.

Authors Specimen name Measured plastic
hinge length (mm)

Predicted plastic
hinge length (mm)

Predicted-to-
measured ratio

Paulay and Priestley

CIP-C0 278 271 0.97

PC-C1 416 451 1.08

PC-C2 452 451 1.00

PC-C3 467 451 0.97

PC-C4 458 451 0.98

Lu et al.

CIP-C0 278 238 0.86

PC-C1 416 418 1.00

PC-C2 452 418 0.92

PC-C3 467 418 0.90

PC-C4 458 418 0.91

Ning and Li

CIP-C0 278 311 1.12

PC-C1 416 491 1.18

PC-C2 452 491 1.09

PC-C3 467 491 1.05

PC-C4 458 491 1.07

Table 5 compares the measured plastic hinge lengths with those
predicted using the aforementioned models. As can be observed,
the model proposed by Lu et al. (2005) consistently underestimated
the plastic hinge lengths for the tested columns. Conversely, the
model by Ning and Li (2016) tended to overestimate the plastic
hinge lengths. Despite its simplicity, the classic model by Paulay and
Priestley (1992) provided the most accurate predictions among the
three models evaluated.

The discrepancies between measured and predicted values are
not unexpected, given the inherent uncertainties associated with
bothmeasurement andmodeling of plastic hinge lengths (Feng et al.,
2021). Variability in column geometry, material properties, and
the complex behavior of concrete under cyclic inelastic loading
contribute to these differences. Moreover, the unique characteristics
of thewelding-spliced tubes in the precast columns, such as localized
buckling, rebar anchorage effects, and strain penetration, introduce
additional variables not fully captured by the prediction models.

Nevertheless, the relatively accurate predictions offered by the
Paulay and Priestley model suggest that, for precast columns
incorporating welding-spliced tubes, the plastic hinge length can
be effectively estimated by adding the length of the welded tubes
to the model’s predicted values. This approach provides a practical
method for approximating plastic hinge behavior in such systems
while acknowledging the limitations of existing models in capturing
the full complexity of the connection’s behavior.

4.2 Nonlinear envelopes of ASCE 41

The post-yield deformation capacity of the proposed columns
was evaluated by comparing the envelope curves obtained from the
test results with the force-deformation relationships specified for
reinforced concrete columns in ASCE 41-17 (2017). The envelope
curves in the tests were generated by plotting the peak displacement
points from the first cycle at each incremental drift ratio, providing
a clear representation of the columns’ deformation behavior under
cyclic inelastic loading.

Figure 16 illustrates the envelope curves derived from the tests
alongside the predictions made by ASCE 41-17. It is evident that
ASCE 41-17 accurately predicts the initial stiffness for all specimens.
However, its estimates of post-peak strength decay tend to be
conservative, particularly underestimating the residual strength of
the columns.

For the CIP column, the lateral capacity predicted by ASCE
41-17 is slightly conservative but remains reasonably accurate.
In the case of the precast columns with anchored longitudinal
rebars, the predicted lateral capacities align closely with the
experimental results, demonstrating the reliability of the ASCE
41-17 provisions for these configurations. Conversely, for the
precast columns without anchored longitudinal rebars, the strength
predictions by ASCE 41-17 were less reliable, leaning towards
unsafe estimates.
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FIGURE 16
Envelope curves of tests compared with ASCE 41-17. (A) CIP-C0 (B) PC-C1 (C) PC-C2 (D) PC-C3 (E) PC-C4.

TABLE 6 Prediction of lateral strength of tested columns.

Specimen name Measured lateral strength (kN) Predicted lateral strength (kN) Predicted-to-measured ratio

CIP-C0 234.7 215.3 0.92

PC-C1 183.1 183.0 1.00

PC-C2 197.7 193.8 0.98

PC-C3 226.4 215.3 0.95

PC-C4 195.8 183.0 0.93

4.3 Preliminary prediction of column
lateral strength and hysteretic response

To predict the lateral load-bearing capacity of the tested
columns, a sectional analysis method was first employed to estimate
the lateral strength of the monolithic column specimen. Following
this, considering the influence of the anchorage ratio of column
longitudinal rebars on the lateral capacity of the precast columns,
the following empirical formula is suggested:

VPC = ϕ ⋅VCIP (3)

where VPC represents the lateral strength of the precast column
using welded steel tube connections, and ϕ is a strength reduction
factor that accounts for the anchorage ratio of the column
longitudinal rebars. This factor is suggested to take as 1.0 when the
anchorage ratio is 1, 0.9 when it is 1/3, and 0.85 when no rebars are
anchored. VCIP is the predicted lateral strength of the CIP column
obtained through sectional analysis.

The comparison between the measured and predicted lateral
capacities of the tested specimens, based on the empirical formula,
is summarized in Table 6. As illustrated, the results demonstrate
that this prediction method provides conservative estimates for
the lateral strength of the precast columns using welded steel tube
connections.

It is important to emphasize that, due to the limited number
of tested specimens in this study, additional experimental
investigations are necessary to further validate the reliability of
the proposed formula.

For monolithically cast columns, sectional analysis is relatively
straightforward because the continuous nature of the longitudinal
reinforcement enables efficient stress transfer between the lower

and upper columns. However, for precast columns incorporating
welding-spliced steel tubes, the anchorage condition of the
longitudinal rebars is a key factor affecting the overall performance.

When the column longitudinal rebars are not properly anchored,
the column’s flexural capacity is substantially reduced due to the
compromised ability of the reinforcement to transfer tensile forces.
The empirical factor,ϕ, introduced in the empirical formula captures
this anchorage-dependent behavior by adjusting the predicted
capacity according to the degree of rebar anchorage, thereby
reflecting the importance of proper anchorage detailing in achieving
reliable performance.

Finally, the fiber beam-column element in the OpenSEES
software (Mazzoni et al., 2007) was employed to simulate the
hysteretic behavior of the tested specimens. In the case of the
CIP-C0 specimen, the Concrete_02 and Steel_02 material models
were used to represent the column concrete and longitudinal
reinforcement, respectively. The determination of these material
parameters followed the methodology outlined in Yassin’s doctoral
dissertation (Yassin, 1994). For the precast column specimens,
their hysteretic responses were approximated by scaling the curves
obtained by OpenSEES for CIP-C0, using the reduction factor ϕ
specified in Equation 3.

Figure 17 presents a comparison between the experimental and
simulated hysteresis curves for all tested specimens. As shown in
the figure, the fiber beam-column model accurately captures the
hysteretic response of CIP-C0, particularly in the post-peak regime
where the descending slope aligns well with the experimental data.
For the precast specimens, the simulated hysteresis response, derived
using the reduction factor, exhibits an acceptable level of agreement
with the experimental results. Interestingly, for the precast columns,
the descending branch of the simulated curves is steeper than
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FIGURE 17
Modeling results of load-displacement responses of specimens using OpenSEES model. (A) CIP-C0 (B) PC-C1 (C) PC-C2 (D) PC-C3 (E) PC-C4.

that observed in the experimental data. This discrepancy indirectly
suggests that the precast specimens possess better ductility, as they
are capable of sustaining greater deformation before a rapid loss
of strength.

5 Conclusion and outlook

This paper proposes an innovative emulative hybrid column-
to-column connection by means of applying welding-spliced steel
tubes. Compared to grout-filled sleeve connections, the proposed
method demonstrates the following advantages and limitations:

5.1 Advantages

(a) Improved constructability: Grout-filled sleeves typically
require precise alignment and high-quality grouting under
controlled conditions to ensure proper load transfer. On-
site challenges, such as inconsistent grouting quality or
difficulties in inspection, can negatively impact their reliability.
In contrast, the proposed connection offers a simpler
construction process, with welding being much more familiar
to construction teams and easier to inspect. In addition,
the high precision inherent in steel fabrication enhances the
feasibility of executing this connection. Another particularly
notable advantage is that the columns can be quickly secured
through tack welding of the steel tubes, eliminating the need
for temporary construction supports that are often required
for grout-filled sleeve connections;

(b) Enhanced ductility: While grout-filled sleeve connections
may exhibit reduced displacement ductility compared to
monolithic connections, the proposed welded steel tube
connection demonstrated comparable ductility and energy
dissipation to cast-in-place connections, even under varying
rebar anchorage ratios. This highlights the ability of the
proposed system to maintain robust seismic performance.

5.2 Limitations

(a) Cold joint issues: The interface between the post-cast concrete
and the precast sections forms a cold joint, which may

compromise the reliability of load transfer and reduce the
overall load-bearing capacity of the connection. To mitigate
this, column longitudinal rebars should be extended into the
joint region, which however introduces logistical challenges
during transportation and handling of the precast columns;

(b) Dependence on welding: Similar to grout-filled sleeve
connections, the proposed method depends on weather
conditions due to its reliance on on-site welding. Additionally,
welding may introduce residual stresses, which could have
adverse effects on long-term performance;

(c) Localized stiffening effect: The inclusion of welded steel tubes
introduces localized stiffening, which shifts the plastic hinge
region upward along the column shaft. This modification
results in a wider plastic deformation zone, potentially
complicating post-earthquake repair efforts.

After considering these advantages and limitations, the key
findings of this study are summarized as follows:

(1) When column longitudinal rebars are well anchored, the
cyclic behaviors of the precast columns with welded steel
tubes are comparable to that of the CIP column. The
welds between the steel tubes performed reliably, with no
defects or fractures observed during testing. Additionally,
the deformation capacity and energy dissipation ability of
the precast columns are comparable to, or even better than,
their CIP counterpart. The ability of the precast columns to
retain similar stiffness to the CIP column after large inelastic
excursions highlights the potential of the proposed connection
in seismic applications;

(2) The welded steel tubes alter the failure mechanism of the
precast columns, resulting in pronounced damage at higher
regions along the column shaft.This upward shift in the plastic
hinge zone reflects the influence of localized strengthening on
the damage distribution and extent;

(3) The test results also indicate that the precast columns without
adequate rebar anchorage struggle to achieve the same level of
lateral strength as the monolithic column. To avoid this, it is
recommended that, in addition to the welded steel tubes, at
least four corner longitudinal rebars of the upper column be
extended into the lower column’s steel tube. This is essential
for the proposed connection because the extension of rebars
is capable of ensuring force transfer and providing additional
structural integrity;
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(4) The empirical method proposed in this study provides a
conservative estimate of the lateral load-bearing capacity of
the precast columns using welded steel tubes. Additionally, the
plastic hinge length of the precast columns can be reasonably
estimated by adding the length of the welded tubes to the
predicted values from the Paulay and Priestley model.

While this study provides some new insights, the following
limitations are acknowledged:

(i) The testing matrix in this study only consists of a limited
number of specimens. As a result, the findings presented
are based on the specific configuration and test conditions
employed, which may not fully capture the behavior of the
proposed connection system under broader design scenarios.
Future studies will aim to expand the testing matrix by
including variations in parameters such as axial load ratio,
column dimensions, and connection details, thereby allowing
for validation of the conclusions and further increasing their
practical value as engineering design guidelines;

(ii) The phenomenon-based nature of the empirical formula
proposed in this study provides a safety margin in design.
However, as with any empirical model, its applicability must
be validated by a broader range of test conditions to ensure its
robustness in differing structural configurations and loading
scenarios;

(iii) The proposed connection method lacks detailed finite element
simulations, primarily due to two significant obstacles: First,
the mechanical behavior of the cold joint interface remains
poorly understood, with no experimental data currently
available to support accurate modeling. Second, the splice
relationship between the downward-extended column rebars
and the steel tubes involves a non-contact condition that has
not yet been thoroughly investigated through experimental
studies. Given these challenges, future research should
prioritize addressing these issues by conducting experimental
studies and developing advanced numerical modeling
techniques to better understand those complex interactions;

(iv) Further improvements in experimental observations,
particularly in capturing crack patterns, are needed.
Techniques such as Digital Image Correlation
(DIC) techniques (Mata-Falcón et al., 2020) or
the application of fractal theory and optical-digital
diagnosis methods (Maruschak et al., 2012) could be
employed to better analyze crack networks and other
localized deformation behaviors, thereby providing a deeper
understanding of the connection’s cyclic response.

Overall, the findings from this study highlight several important
aspects regarding the seismic performance of the proposed hybrid
connection. The observed upward shift of the plastic hinge zone
suggests that the plastic deformation behavior of the precast
columns differs significantly from that of traditional CIP columns.
The use of welded steel tubes introduces localized stiffening,
which, while beneficial in some respects, may lead to widely-
distributed plasticity, causing more spread of failure. Furthermore,
the results indicate that simply increasing the tube thickness is
not a substitute for proper anchorage detailing. Engineers must
ensure that both the steel tube and the anchorage of longitudinal

rebars are carefully designed to work together to resist lateral forces
effectively.
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