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The revitalization of aging urban districts can be significantly advanced through the redevelopment of existing buildings using hybrid concrete-steel structures with added stories. The connection between the newly integrated steel structure at the upper portion and the existing concrete structure at the lower portion performs a critical function in ensuring the safety and stability of hybrid concrete-steel systems. To enhance the strength and seismic resilience of the joints in these hybrid structures, this study presents a novel splice joint incorporating Engineered Cementitious Composites (ECC) concrete. A quasi-static testing method was employed to compare and analyze the failure characteristics, rotational behavior between beams and columns, hysteretic response, and skeleton curves of the proposed ECC-based splice joints and conventional concrete joints. The results reveal that the inclusion of ECC concrete significantly enhances the bonding strength at the secondary casting interface, thereby shifting the failure mode from the interface to plastic deformations at the beam ends. Furthermore, the hybrid joints demonstrated a 33% increase in the horizontal displacement threshold and an 18% improvement in load-bearing capacity, effectively limiting upper structure rotation and minimizing deformation. These findings validate the effectiveness of the proposed splice joint in enhancing the seismic behavior of hybrid concrete-steel joints. These findings highlight the enhanced seismic performance of hybrid concrete-steel structure joints and provide valuable insights for the design of lightweight steel-frame structures with added stories.
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1 INTRODUCTION
The increase in renovation projects that add storeys to existing buildings is motivated by their significant economic benefits, such as high returns on investment, as well as role in improving efficiency, conserving land resources, and promoting urban revitalization (Hwang et al., 2015; Shao et al., 2021). Characterized by rapid construction timelines (Wu et al., 2014), these projects yield significant economic benefits (Lu et al., 2017; McKim et al., 2000) and exhibit a minimal environmental footprint by optimizing resource utilization and minimizing waste production (Dong et al., 2016). Furthermore, they align with green and sustainable development objectives, presenting favorable prospects for the future (Tang et al., 2014).
The lightweight steel adding-story structure is commonly employed in renovation projects. Numerous studies have examined its seismic performance. Liu et al. (2008) and Gunes et al. (2019) used numerical simulations to assess the impact of different adding-story configurations on aspects such as mass, stiffness, natural frequency, and damping ratio in lightweight steel reinforced concrete structures. These structures are characterized by a lightweight upper section and a more robust lower section, which offers flexibility in the upper part to absorb dynamic loads and provides rigidity in the lower part to maintain stability. Ma et al. (2021) evaluated the dynamic behavior of three different structural types—seismic adding-story, base-isolated, and adding-story isolated structures—under near-fault and far-field earthquake scenarios. Their findings provided critical insights into inter-story drift ratios, shear forces, and accelerations, underscoring the benefits of integrating lightweight steel into concrete adding-stories to enhance seismic resilience. Structures featuring added lightweight steel floors typically have an upper section composed of light, flexible steel and a lower section made of rigid, heavier concrete (Zhang et al., 2014; Chen et al., 2014). In the stiffness transition zones at connecting joints, it is vital to address potential weak stories—levels with significantly reduced stiffness—and whip effects that can intensify seismic impacts (Sun et al., 2015). Effective mitigation of these factors is essential for optimizing the seismic resilience of lightweight steel adding-story joints (Adhikari et al., 2019; Zhang et al., 2019; Pan et al., 2021; Ren et al., 2022). Ren et al. (2019) and Wang et al. (2022) investigated these structures' seismic resilience by applying rebar planting techniques to directly add stories to existing buildings and by reinforcing retrofit joints with carbon fiber fabric, thereby transforming joint connection forms. Furthermore, Guo et al. (2018) conducted pseudo-static tests to explore the seismic behavior of three joint types between concrete frames and lightweight steel adding-stories, with failure modes, stiffness deterioration and hysteretic behavior being examined.
Traditional rebar planting techniques offer simplicity in construction, convenience, and high economic benefits, particularly in basic reinforcement applications. Hybrid concrete-steel structures, which combine the benefits of both concrete’s compressive capacity and the tensile strength of steel structures, have been explored but lack standardized solutions for the critical juncture where these materials meet. However, they provide limited safety reserves under complex loading conditions, and the bond strength between the secondary cast concrete surfaces and existing concrete is relatively insufficient (Pan et al., 2017; Guo et al., 2013; Julio et al., 2004). As a result, the integration of Engineered Cementitious Composites (ECC) concrete with steel elements in joints remains an emerging area of research. Vavruš and Koteš. (2019) utilizing the tensile properties of fiber-reinforced concrete, employed a fiber-reinforced concrete layer to reinforce the columns of the frame structure. Yang et al. (2025a) proposed methods for calculating the restrained stress in Ultra-High Performance Concrete (UHPC) by taking into account in-situ creep measurements: collecting long-term creep data, characterizing in-situ creep during cracking, and developing a modified Double Power Law model to describe the long-term in-situ creep behavior. Xie et al. (2018) conducted experimental and analytical investigations on a highly durable composite structural system comprising polyvinyl alcohol (PVA) fiber-reinforced concrete (PVA-FRC) reinforced with glass fiber-reinforced polymer (GFRP) bars, demonstrating that PVA fiber-reinforced concrete components exhibit commendable flexural performance. ECC positively contributes to enhancing the deformation capacity and seismic performance of structures owing to its robust tensile characteristics (Zhang et al., 2023; Singh et al., 2024; Kim et al., 2024; Che et al., 2023; Qin et al., 2023).
In this study, the adding-storeys joints were strengthened based on conventional steel bar planting techniques. To further enhance the bearing capacity and seismic performance of these joints, a novel splice joint incorporating ECC concrete is proposed. It is suggested to modify the concrete material at the base of the external column and increase the contact area between the steel and concrete by using bolted connections, which may provide better load transfer and joint performance. The stress characteristics of the joints are optimized to enhance safety margins and limit overall deformation of the upper structure. This method is noted for its straightforward construction process and significant economic benefits, primarily due to reduced labor and material costs. These findings provide new design guidelines and principles for for joints in light steel adding-storey structures, contributing to safer and more efficient hybrid concrete-steel systems.
2 RESEARCH METHODS
To evaluate the performance of the hybrid splice joint, experimental study was performed to explore its seismic behavior through quasi-static testing.
2.1 Specimen design
The sizes of the concrete beam, concrete column, and H-shaped steel column added atop are 120 mm × 240 mm, 300 mm × 300 mm, and 120 mm × 100 mm × 10 mm × 16 mm, respectively (Specification for seismic test of, 2015). The concrete has a strength grade of C30, while the steel is grade Q235B. The hybrid joints at the base of the concrete columns are constructed using an ECC concrete mixture, consistent with the ratios specified in previous sections. This ECC mixture includes PVA fibers at a volume fraction of 1%, which enhances both tensile strength and crack resistance. The schematic diagram of the joint is depicted in Figure 1.
[image: Diagram of a vertical concrete structure with labeled parts. The top section is marked as the "Loading area." The main column is noted as "Ordinary/ECC concrete." At the base, an "M14 Welded bolt" is used for attachment to a horizontal support beam.]FIGURE 1 | Schematic diagram of joint.The longitudinal reinforcement in the concrete beams and columns consists of HRB400 grade steel bars, while the stirrups are made of HPB300 grade steel bars. The concrete cover thickness is set at 50 mm. The upper and lower structures are interconnected using four M14 chemical bolts. On both sides of the wrapped section of the H-beam column, six M14 round-head screws are affixed by welding. The specific parameters are illustrated in Figure 2.
[image: Engineering diagram showing dimensions and components of a structural element. Key features include a welded bolt, strain gauge, ECC concrete, and labeled parts with dimensions such as 1640 mm total height and 1500 mm width. Cross-sectional views 1-1, 2-2, and 3-3 detail reinforcement bars and additional measurements.]FIGURE 2 | Test specimen reinforcement diagram.2.2 Specimen making and material performance
To accurately replicate the conditions of an actual construction project, the test specimen was fabricated using a two-stage concrete casting process. The procedure is as follows: First, the lower portion of the concrete beam-column joint is cast. After curing for 28 days to achieve the design strength, the locations for the bolt holes are marked and drilled. High-pressure air guns are then used to clean the holes. Subsequently, chemical adhesive tubes are inserted, and the adhesive is thoroughly mixed using mechanical tools. After the adhesive cures, bolts are installed, and the lightweight steel structure for the additional stories is assembled. For the steel column installation at the column bases, H-shaped steel columns are anchored into the concrete base, with welding points applied on both sides of each column. The surfaces are smoothed using a grinder, and quick-setting adhesive is applied for added support before welding. C50 non-shrink fine aggregate concrete is used for leveling and compaction before the installation of the additional stories. The pre-drilled holes in the upper lightweight steel structure are aligned with the anchor bolts, washers are placed underneath, and the bolts are tightened (Yang et al., 2025b; Technical specification for post, 2013). The construction steps are illustrated in Figure 3.
[image: (a) Laboratory setting with concrete blocks and colored wires attached. (b) Four bolts protrude from a concrete surface, marked with intersecting lines. (c) Metal structure reinforced with rebar and bolts, with wires at the base. (d) Vertical metal column enclosed within a wooden formwork, resting on concrete blocks.]FIGURE 3 | Construction steps. (a) Substructure (b) Bonded rebar (c) Install (d) Secondary casting.Material samples are systematically collected during the concrete casting and reinforcement tying processes according to standardized procedures. Concrete cube specimens are cured under the same temperature and humidity conditions as the structural specimens. The average compressive strength of ordinary concrete is 37.5 MPa, whereas that of ECC concrete, it is 40.3 MPa, and Figure 4 illustrates the stress-strain curve of ECC. In this study, Ordinary Portland Cement (OPC) produced by Ningxia Jockey was specifically used, conforming to the P.O 42.5R grade as per Chinese standards (General Administration of Quality Supervision, 2023). The cement has a fineness of 4.4%, a consistency water consumption of 26%, with initial and final setting times of 130 min and 180 min, respectively. The cement exhibits a flexural strength of 9.0 MPa and a compressive strength of 55.6 MPa, and a specific gravity of 3.15. The high-elasticity PVA fiber used in this study has a diameter of 31 μm, and a tensile strength ranging from 1,400 to 1,600 MPa. The fiber exhibits a dry elongation at break of (17 ± 3.0)%, an elongation of 6%, and a Young’s modulus exceeding 380 GPa. These fibers are produced by Wuhan Xintu Com., China. The types of steel reinforcement and material performance indices for the components are detailed in Table 1.
[image: Graph showing the stress-strain relationship for a material. Stress is measured in megapascals (MPa) and strain in percent. The curve rises steeply to peak around 1.5% strain, then decreases, indicating material failure beyond this point.]FIGURE 4 | The stress-strain curve of ECC.TABLE 1 | Material performance index.	Specification	Material grade	Yield strength (N/mm2)	Ultimate strength (N/mm2)	Rate of elongation
	Φ8	HPB 300	328.46	487.56	23.98%
	Φ12	HRB 400	417.57	587.14	33.49%
	Φ16	HRB 400	447.46	614.58	22.35%


2.3 Loading mechanism
Figure 5 is the schematic diagram of the test loading apparatus. Initially, a constant axial compressive force of 0.15 axial load ratio is exerted on the top of the H-shaped column. To ensure uniform load distribution, a thick steel plate with a specified thickness of X mm is positioned at the interface between the MTS servo-hydraulic press and the H-shaped column. The MTS vertical servo-hydraulic press, equipped with horizontal rollers, accommodates horizontal movement and minimizes friction. A customized fixture connects the horizontal component of an MTS servo-hydraulic press to the reaction frame, applying a low-cycle horizontal reciprocating load of up to 100 mm at the top of the column (Specification for seismic test of, 2015). Prior to testing, the pressure transducers and hydraulic jacks underwent systematic calibration. Throughout the experimental procedure, the closed-loop feedback mechanism of the control console automatically regulated the hydraulic pressure, maintaining the vertical load constant within a tolerance margin of ±1% of the target value.
[image: Mechanical testing setup featuring a vertical and horizontal MTS system with a customized fixture. A block with grid marking is secured between left and right fixed ends. A digital image correlation (DIC) system is positioned in front on a tripod. Blue backdrop and structural frame are visible in the background.]FIGURE 5 | Loading mechanism.2.4 Loading scheme and testing procedure
As illustrated in Figure 6, the loading scheme is implemented using a displacement-controlled approach at the end of the column. A vertical load is applied until the target design value is reached, after which the MTS vertical servo-hydraulic press dynamically maintains equilibrium by adjusting the load as necessary. After checking that all instruments are working properly, the formal loading begins. The loading speed is set to 10 mm/min to minimize any negative impacts on the specimen’s load-bearing capacity due to rapid loading (Design code for concrete structures, 2015; Wang et al., 2024; Code for seismic design of, 2016), and the incremental steps of 5 mm is utilized. Each displacement amplitude level was subjected to two complete loading-unloading cycles until the specimen fails. A specimen is considered to have failed if there is significant damage to the concrete, noticeable slippage of the steel reinforcement, or a reduction in load-bearing capacity to 85% of its initial value.
[image: Line graph showing displacement in millimeters on the vertical axis and load cycles on the horizontal axis. The displacement oscillates, increasing amplitude as load cycles progress, following a labeled "Loading scheme."]FIGURE 6 | Loading scheme.During the loading process, the MTS servo-hydraulic testing machine automatically records the load and corresponding displacements in both the vertical and horizontal directions. Strain gauges measure changes in the steel reinforcement and the steel column at the core region of the joint, while concrete strain is assessed using gauges placed 5 cm from the beam’s surface on both sides. Moreover, Digital Image Correlation (DIC) optical measurement technology is employed for comprehensive monitoring of the core region of the joints (Ribeiro et al., 2022; Khalilzadehtabrizi et al., 2021; Zhou et al., 2021; Sun et al., 2023; Liu et al., 2025; Li et al., 2023). Prior to loading, an irregular black-and-white speckle pattern is manually applied to the surface of the component. The camera then captures initial images of the nodes in the unloaded state, as well as the deformation images at each loading stage. Through post-processing using displacement field analysis algorithms, full-field displacement contours and quantitative strain distribution data are derived for each nodal specimen. The DIC methodology enables precise visualization of structural behavior under applied loads, which is critical for evaluating material performance and validating finite element models in civil engineering applications. The experimental procedure mainly includes the following steps: first, spray a layer of white matte paint on the node area of the specimen; then randomly and irregularly apply black speckle patterns to the surface; use an adjustable stereoscopic camera system to capture images and collect data, and then process the collected data using the software accompanying the DIC equipment to obtain related results, such as displacement contour maps, damage contour maps, and strain contour maps of the specimen.
3 TEST RESULTS AND ANALYSIS
3.1 Test phenomenon
This study mainly focuses on the phenomenon of forward loading tests, where the observations for both forward and reverse loading tests are identical. Initially, applying an axial force and introducing a horizontal displacement of 5 mm does not yield significant changes in the ordinary concrete joint. At a displacement of 10 mm, fine cracks begin to emerge in the secondary pouring section under tensile stress, as illustrated in Figure 7a. When the displacement is increased to 15 mm, the existing cracks widen, and new oblique cracks form at the end of the beam, as depicted in Figure 7b. Figure 7c indicates that at 20 mm displacement, the structure endures a bending moment, resulting in outward-extending cracks at the top of the column. At 25 mm, as shown in Figure 7d, a primary crack develops at a 45-degree angle at the column end, forming an X-shaped pattern, while the cracks in the secondary pouring section continue to expand. Finally, Figure 7e reveals that at 30 mm displacement, the X-shaped diagonal crack at the column’s end progresses, and the secondary pouring section exhibits significant warping, with the maximum crack width exceeding 5.0 mm.
[image: Series of images depicting concrete structures with various crack formations. (a) Corner of a structure with a horizontal crack marked in red. (b) Horizontal wall with vertical red-marked cracks and exposed wires. (c) Interior corner with vertical red-marked cracks. (d) Square tile pattern with two circular details. (e) Composite image showing a larger structure front, marked with red lines pointing to crack details in insets.]FIGURE 7 | The phenomenon of ordinary joints experimentation. (a) Pouring surface crack (b) Diagonal cracking (c) Column top crack (d) Column diagonal crack (e) Whole schematic.Figure 8 depicts the schematic diagram of crack formation in the new hybrid joint. At a horizontal displacement of 5 mm, the joint shows no cracking. As shown in Figure 8a, when the displacement increases to 10 mm, three small cracks emerge at the beam’s top. At 15 mm, diagonal cracks oriented at a 45-degree angle appear at the beam end, where the crack width reaches the fracture threshold, as recorded by the concrete strain gauge, illustrated in Figure 8b. As the displacement extends, the cracks continue to widen. At 30 mm, tensile cracks develop at the beam end, as shown in Figure 8c, and at 40 mm, the concrete at the beam end crushes, as seen in Figure 8D. Consequently, the joint’s lateral bearing capacity diminishes, leading to the termination of the test. Unlike ordinary concrete joints, this hybrid design substantially mitigates crack formation in the secondary pouring section. It efficiently redistributes internal forces and, with the help of horizontal anchor bolts, promotes a more uniform stress distribution within the concrete. This arrangement not only slows the crack propagation but also reduces their width, thereby enhancing the structural integrity and minimizing the damage at the outer column base.
[image: Five-panel image illustrating concrete surfaces with visible cracks. (a) A concrete block with a noticeable crack marked in red. (b) A close-up of a concrete surface showing a highlighted crack inside a black circle with parallel rods. (c) Close-up of a textured surface with a small crack at the corner. (d) Another corner view of a concrete surface with a visible crack. (e) Two concrete blocks side by side with red arrows pointing to specific areas of interest on the blocks, highlighting crack locations.]FIGURE 8 | The phenomenon of hybrid connection joints experimentation. (a) Beam top crack (b) Diagonal crack (c) Tensile crack (d) Compression crack (e) Whole schematic.The analysis of the failure processes in ordinary and hybrid joints reveals that hybrid joints enhance the overall integrity of the connection and modify the failure mode. These joints strengthen the connection to H-section steel columns and exhibit superior lateral resistance. Furthermore, hybrid joints not only extend the horizontal displacement limit of the structure but also enhance its seismic resistance.
3.2 Hysteresis curve
Figure 9 displays the load-displacement curves for two types of joints. Initially, the hysteresis loops of both joints show linear behavior with minimal residual deformation. As the horizontal displacement increases, the hysteresis loop of the ordinary joint begins to show pinching behavior, reflecting a decrease in the curve’s slope and reduced stiffness. In contrast, the hybrid joint maintains higher ultimate horizontal load capacity and stronger lateral resistance at comparable displacement levels. Moreover, it exhibits a larger hysteresis loop envelope, indicative of enhanced energy dissipation capabilities. The horizontal resistance of both joints is greater during forward loading than reverse loading, largely due to the partial expulsion of concrete during forward movement. At a horizontal displacement of 30 mm, significant cracking at the second casting interface of the ordinary joint causes loading to halt. At 40 mm of displacement, the hybrid joint’s horizontal bearing capacity falls below 85% of the peak load, signaling the failure criterion.
[image: Graph showing load versus displacement for ordinary and hybrid joints. The x-axis represents displacement in millimeters, ranging from negative forty to forty. The y-axis represents load in kilonewtons, ranging from negative sixty to sixty. The ordinary joint is depicted by a black line, while the hybrid joint is in red. Both lines form loops indicating hysteresis.]FIGURE 9 | Hysteresis curve of loading point.The energy absorption and dissipation of the structure subjected to cyclic loading can be determined from the hysteresis curve, as shown in Figure 10. The energy dissipation capacity of a component is quantified by the area within the hysteresis loop, representing the work done by the component during each cycle. This area is typically calculated as the product of load magnitude and displacement; hence, a larger area suggests increased energy dissipation. The energy dissipation ability of the hybrid joint is comparable to or slightly exceeding that of the ordinary joint, indicating its higher potential to withstand significant seismic events and large displacements.
[image: Bar graph comparing energy dissipation in kilonewton millimeters versus displacement in millimeters for ordinary and hybrid joints. Hybrid joints consistently show higher energy dissipation across displacements from 5 to 30 millimeters.]FIGURE 10 | Energy dissipation of loading point.From the perspective of hysteresis curve and energy analysis, the hybrid joint alters the force characteristics of the joints, enhancing energy dissipation capacity and lateral resistance. This joint more effectively restricts the deformation of the upper structure during seismic activity, ensuring the reliability of the core area of the joint and achieving the intended effect.
3.3 Skeleton curve
Skeletal curves were obtained by connecting the peak points of the maximum horizontal displacement in each loading cycle, as illustrated in Figure 11. These curves offer a simplified view of load-displacement behavior, facilitating comparative analysis. The skeletal curves for both joints show consistent and symmetrical development under cyclic loading. During forward loading phases, both curves exhibit distinct inflection points. The ordinary joint exhibits a minor and statistically insignificant increase in ultimate load capacity, while the hybrid joint displays a substantial increase. Moreover, the hybrid joint experiences more pronounced degradation of skeletal stiffness, with a 33.33% greater horizontal load reduction displacement than the ordinary joint. This joint also shows an 18% enhancement in ultimate horizontal load capacity over the ordinary joint, indicating a significant improvement in its load-bearing capacity. Such enhancements suggest that the hybrid joint can withstand larger forces at the same deformation and undergo smaller deformations for equivalent forces.
[image: Graph showing load versus displacement for ordinary and hybrid joints. The ordinary joint, shown in black squares, and the hybrid joint, in red circles, both exhibit a rising trend, with the hybrid joint reaching higher load values. The x-axis represents displacement in millimeters, and the y-axis represents load in kilonewtons.]FIGURE 11 | Skeleton curve of loading point.3.4 Stiffness degradation curve
Structural stiffness declines with increasing cycles of low-cycle reciprocating loads. Stiffness degradation within the core region of the joint is evaluated using secant stiffness, defined as the ratio of change in load to change in displacement at a specific point. During loading, horizontal displacement and secant stiffness are plotted on the x and y-axis, respectively. According to reference (Ren et al., 2022), this coefficient is derived using Formula 1:
Ki=+Fi+−FiXi+−Xi(1)
In this context, +Fi and -Fi denote the maximum positive and negative loads, respectively, during the ith cycle, while + Xi and -Xi indicate the peak displacements. The symbol ± indicates the direction of the load. Figure 12 displays the stiffness degradation curves for both joints. Throughout the loading process, the skeletal curves of both the ordinary and hybrid joints remain aligned. As load displacement escalates, the rate of stiffness degradation for both joints diminishes. Although the hybrid joint initially exhibits higher stiffness than the ordinary joint, this is attributed to the superior mobility and densification of external column plinths, which are cast with ordinary concrete. In contrast, ECC concrete with PVA fibers may restrict concrete mobility and contain small voids. Nevertheless, the hybrid joint demonstrates superior stiffness performance overall, significantly enhancing the integrity of the entire structure.
[image: Line graph showing stiffness degradation versus displacement for ordinary and hybrid joints. The ordinary joint, in black squares, and the hybrid joint, in red circles, both show a decrease in stiffness from 5.0 to 1.5 kN·mm⁻¹ as displacement increases from 0 to 40 mm. The hybrid joint consistently shows slightly less degradation than the ordinary joint.]FIGURE 12 | Stiffness degradation curve of loading point.4 DETECTION AND ANALYSIS BASED ON DIC
4.1 Shear deformation
The shear angle is a critical parameter for analyzing shear deformation in structures and understanding their deformation behaviors and mechanical properties. To investigate the shear deformation behavior of specimens under forward loading with low-frequency cyclic loading, the post-processing function of DIC was used (Zhou et al., 2021). Different color shades visualized the shear angle magnitude, clearly highlighting the deformation characteristics across structures with various column base materials, as illustrated in Figures 13, 14.
[image: A series of six contour plots labeled (a) to (f), displaying stress distribution in a structure. Each plot uses a color gradient to represent variations in stress, from purple to red. Accompanying each plot is a vertical color bar indicating stress levels in degrees, with specific increment values for each plot. Plot (a) is entirely magenta, while plots (b) to (f) show varying stress patterns with distinct color gradients. The differences in stress distribution are evident across plots, demonstrating stress analysis at different stages or conditions.]FIGURE 13 | Shear angle of ordinary joint. (a) Initial state. (b) Displacement of 5 mm. (c) Displacement of 10 mm. (d) Displacement of 15 mm. (e) Displacement of 20 mm. (f) Displacement of 30 mm.[image: Six contour diagrams labeled (a) to (f) show color-coded stress distributions on a T-shaped structure. Each diagram has a color scale indicating degrees, with variations from magenta to red. Differences in stress concentration are visible across the diagrams, suggesting varying conditions or simulations.]FIGURE 14 | Shear angle of hybrid connection joint. (a) Displacement of 5 mm. (b) Displacement of 10 mm. (c) Displacement of 15 mm. (d) Displacement of 25 mm. (e) Displacement of 30 mm. (f) Displacement of 40 mm.For ordinary joints, shear deformation primarily occurs at the bottom of the beam in the loading direction and at the top in the opposite direction for horizontal displacements within 10 mm. As displacement increases to 15 mm, shear deformation manifests at a 45° angle in the opposite direction at the external column base. At 20 mm, the concrete column exhibits symmetric shear deformation around the axis of the top beam. At 25 mm, the shear deformation progressively extends beyond the observations at 20 mm. In the upper H-section steel, significant shear deformation is evident at the junction with the external column base for displacements up to 15 mm. As shear deformation in the external column base concrete intensifies, that in the H-section steel begins to diminish, resulting in deformation propagation from the structure’s weaker components.
The shear deformation pattern in the hybrid joint at the base of the concrete column mirrors that of the ordinary joint, though the hybrid joint exhibits enhanced tensile behavior and anchorage. Enhanced tensile behavior and improved anchorage, attributed to H-section steel welded bolts, resulting from reduced shear deformation at the external column base. Consequently, the upper H-section steel and the external column base integrate into a nearly singular entity, broadening the range of the shear angle. In the hybrid joint, the tensile properties of ECC concrete are fully utilized, augmenting the bond between the secondary cast surface and the H-section steel welded bolts, thereby reinforcing the structural integrity of the core region.
4.2 Damage analysis
Analyzing numerical values provides an intuitive insight into deformation behaviors and failure mechanisms, such as the location and development of concrete cracks. This method is effective in studying the overall structural response to changes in loading conditions.
Figures 15, 16 illustrate the differences in concrete damage distribution between ordinary and hybrid joints during the loading process. In the situation of ordinary joints, initial cracks form at the intersection of the beams and columns, and as horizontal displacement increases, these cracks propagate, eventually leading to 45° diagonal cracking in the concrete columns, ultimately resulting in failure. For the new hybrid joint configuration, initial cracks appear at both ends of the beam and progressively expand with increasing horizontal displacement. The hybrid joint design effectively minimizes damage to the secondary pouring concrete, enabling the upper H-shaped steel and concrete columns to function as a unified structural element. The deformation in the core region of the hybrid joint is better coordinated, while the deformation induced by the added layer is constrained, thereby demonstrating the structural integrity of the hybrid joint. Additionally, the strain in the upper H-shaped steel column exceeds that in the core area of the joint, resulting in noticeable displacement. This observation indicates that hybrid joints, which incorporate externally wrapped ECC concrete at the column base, demonstrate improved structural integrity.
[image: Three contour plots labeled (a), (b), and (c) show color gradients representing data percentages. Plot (a) ranges from 0.003% to 0.169%, (b) from 0.003% to 0.711%, and (c) from 0.014% to 1.364%. Each plot features a step-like structure with a narrow extension at the top, displaying variations in color to indicate different data levels.]FIGURE 15 | Ordinary connection joint damage process. (a) Initial crack (b) Development stage (c) Destruction stage.[image: Three-panel diagram showing simulation results with color gradients representing percentage values. Panel (a) displays a structure with values ranging from 0.001 to 0.160 percent. Panel (b) shows the same structure with values from 0.012 to 1.231 percent. Panel (c) displays a similar structure with a range from 0.010 to 3.985 percent.]FIGURE 16 | Hybrid connection joint damage process. (a) Initial crack (b) Development stage (c) Destruction stage.4.3 Angle between beam and column
In assessing seismic behavior, the rotational displacement at the joints between upper and lower structures is a critical metric for evaluating structural deformation. The lightweight steel frame structure, augmented with additional stories, has the characteristic of having lighter upper stories than the lower ones. Using the DIC technique, the angular displacement between the beam and column in two specimens under low-cycle reciprocating loads were analyzed, as shown in Figure 17.
[image: Line graph showing the applied displacement in millimeters versus the angle between beam and column in degrees. The black line with squares represents a hybrid joint, and the red line with circles represents an ordinary joint. Both lines dip to a minimum displacement at 90 degrees, then rise again. The hybrid joint displays slightly higher displacements than the ordinary joint on both sides of 90 degrees.]FIGURE 17 | Angle variation diagram.The angle between the beam and the column at the connection joint reveals that the two curves diverge once the horizontal displacement reaches 10 mm. This angular difference is more pronounced during forward loading, whereas the rotational displacement increases during reverse loading. The ECC concrete column base effectively restricts relative rotation and structural deformation between the upper and lower parts of structures, thereby enhancing the overall stiffness of the joint core area.
5 CONCLUSION
In this study, the performance characteristics of hybrid and ordinary joints under low-cycle reciprocating loads was conducted.
	1. In ordinary joints, the base of the column displayed intersecting cracks due to fractures on the secondary pouring surface, which compromised the structural integrity. However, in the hybrid joints incorporating ECC, failure occurred at the beam hinge rather than at the column base. This design significantly increased the joint stiffness, which not only enhanced the overall stability but also effectively limited damage.
	2. The application of ECC concrete enhanced the stress performance of joints due to its high tensile strength and strain-hardening behavior, which improve crack resistance and overall stress distribution. Additionally, the hysteresis curve of hybrid joints exhibits a robust shape, indicative of enhanced energy dissipation and absorption capacities, further contributing to the improved performance of the joints.
	3. Hybrid joints showed greater horizontal displacement and bearing capacity compared to ordinary joints due to their enhanced energy dissipation and load distribution capabilities. Their stiffness degradation curves were smoother, delaying bearing capacity reduction and highlighting this advantage. By restricting the angle between beams and columns, hybrid joints effectively minimized deformation in the upper structure, further contributing to their increased horizontal displacement and bearing capacity.
	4. The present study is mainly centered on the experimental investigation of the hysteretic behavior of ECC-based splice joints and conventional concrete joints. In future research, finite element parameter analysis will be carried out to further delve into the engineering application of the innovative ECC-based splice joints (Miceli et al., 2025).

The utilisation of ECC concrete in hybrid concrete-steel structures with additional stories presents a range of prospective benefits with regard to structural performance and long-term durability. Nevertheless, the higher initial costs of ECC and the specialised handling requirements could pose challenges. From a cost-benefit perspective, while the initial material expenses for ECC are higher compared to conventional concrete, the long-term benefits, including reduced maintenance costs and extended service life, may offset these initial costs. The combination of ECC and steel in hybrid designs can optimize both cost and performance, especially in structures that require additional stories. Constructability is also an important consideration, as ECC may require more specialized handling during construction, which could impact labor and equipment costs. Overall, the long-term benefits, including lower maintenance and reduced life-cycle costs, make ECC a potentially cost-effective choice for such applications.
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