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ABSTRACT 

	High-strength steel bars (yield strength ≥630 MPa) achieve performance enhancements through advanced processes such as optimization of alloy composition, precision-controlled rolling, and thermal treatment. Compared with conventional steel bars, their mechanical properties are significantly enhanced .Hollow-core composite slabs, as a novel composite structural component, combine the advantages of cast-in-situ voided slabs and steel-truss-dense prefabricated composite slabs. They exhibit characteristics including low self-weight, high load-bearing capacity, and construction efficiency. Their exceptional joint integrity at the seams has led to increasingly widespread application in public buildings.This paper summarizes the current research status on: High-strength steel bars,Composite slabs,Indirect lap performance of reinforcement,Theoretical calculations.
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1. INTRODUCTION

The application of 630 MPa high-strength steel reinforcement in concrete structures offers significant advantages, including high strength, excellent ductility, and superior seismic performance.The current development trends of composite slabs primarily pivot on three technical directions: optimizing force transfer mechanisms, enhancing shear-plane resistance at laminated interfaces, and improving cost-effectiveness.Its use reduces steel consumption, conserves resources, and enhances structural safety reserves. Furthermore, utilizing high-strength reinforcement can rapidly mitigate issues of non-eco-friendliness and overcapacity in China's construction steel industry.In developed countries such as the United States, Japan, and the United Kingdom, the construction steel sector has completed iterative upgrades. HRB335-grade steel bars have been entirely phased out of the construction steel domain. Mainstream products now universally achieve strengths exceeding 400MPa, with 500MPa-grade steel bars becoming the industry standard. Additionally, engineering applications of 600MPa and 700MPa micro-alloyed steel bars are being rapidly advanced. Although research and application of high-strength steel bars in China started relatively late, significant progress has been made in recent years driven by engineering demands.
Composite slabs significantly improve construction efficiency, save time, reduce labor intensity, and ensure project quality. However, specimens with excessive stirrups or minimal concrete cover can experience anchorage failure due to extensive concrete crushing, spalling, and stirrup exposure. Reducing reinforcement ratios and increasing steel strength effectively mitigates such failures, enhancing structural safety and service life. The synergistic combination of high-strength reinforcement and composite slabs not only conserves resources, reduces steel consumption, and increases load-bearing capacity but also greatly advances China's construction industry, aligning with the globally recognized principle of sustainable green development.


2. Research Status of High-Strength Steel Reinforcement


High-strength reinforced concrete structures exhibit outstanding mechanical properties, with their bending resistance, shear strength, and compressive capacity significantly surpassing those of traditional concrete members. This performance advantage enables the structures to withstand greater design loads while markedly enhancing overall safety reserves and seismic performance [33]. Driven by the concept of lightweight structural design in buildings, concrete members utilizing high-strength reinforcement demonstrate prominent comprehensive performance benefits. Such components not only effectively reduce structural self-weight but also significantly improve load-bearing efficiency, showcasing excellent economic advantages in engineering practice. This structural approach aligns with the development needs of green buildings—by reducing cement consumption and construction waste generation, it provides an effective technical pathway for sustainable urban development, embodying the integration of safety and environmental friendliness in modern engineering. It offers crucial support for constructing safe, reliable, and eco-friendly modern urban infrastructure, furnishes new technical routes for sustainable civil engineering development, and plays a pivotal role in advancing the industry's green transformation.
Incorporating high-strength and high-performance steel reinforcement in reinforced concrete (RC) structures enhances structural behavior and functional performance, expands design methodologies, and offers substantial economic benefits through material savings. Internationally, composite concrete structures were widely adopted in bridge construction as early as the 1920s and subsequently expanded into residential applications [1]. Domestic research on composite members commenced later. Currently, Chinese researchers have conducted in-depth studies on the shear performance of interfaces between new and old horizontal composite concrete layers.
Shen Yu [2], Xu Fengbo [3], and Li Qiong [4] experimentally investigated the flexural capacity, serviceability crack widths, and deflection of concrete beams reinforced with Grade HRB500 steel bars. Zhang Ting [5] performed experimental research on the flexural and shear behavior of simply-supported and continuous RC beams with HRB500 reinforcement. Jiang Tao [6] conducted static load tests on concrete frame structures reinforced with HRB500 steel.
Li Yizhu et al. [7] demonstrated that replacing conventional reinforcement with 600 MPa steel bars at equal volume, while maintaining adequate energy dissipation capacity, led to reduced ductility. Wang Junjie et al. [8] found that equal-volume substitution slightly decreased the displacement ductility coefficient, and equal-strength substitution slightly reduced deformation capacity and ductility. The high strength of 630 MPa steel allows significant steel reduction under identical loading demands when replacing conventional reinforcement, achieving energy savings and emission reduction goals.
Wu Fangbo et al. [9] experimentally studied precast base slabs and composite slabs. Results indicated that precast thin ribs meet construction-stage bearing capacity requirements, and composite slab mechanical performance closely resembles cast-in-place slabs. They also proposed a method for calculating deflection in precast thin-ribbed slabs during construction. However, the complex formwork requirements and need for secondary concrete placement hinder industrialized production.
In 2022, Yang Hong et al. [31] observed random buckling directions in HRB600-grade high-strength steel bars during cyclic tension-compression tests, accompanied by localized strain concentration. The study revealed that under repeated loading, post-buckling strength degradation is primarily influenced by geometric nonlinearity, with fatigue damage contributing relatively less.  
In 2022, You J et al. [32] systematically investigated the impact of niobium and composite strengthening on phase transformation in high-strength steel bars. They identified (Nb, Ti, V)C composite precipitates with particle sizes ranging from 10 to 50 nm. When niobium content reached 0.062 wt.% combined with a cooling rate of 5°C/s, ferrite grains underwent significant refinement, with average grain size decreasing from 19.5 μm to 7.5 μm. This process notably enhanced tensile strength but reduced elongation. Crucially, these parameters optimized the strength-toughness balance in experimental steel, substantially improving overall mechanical properties.
Fang Liang et al. [10] employed accelerated electrochemical corrosion (Fig. 1) on RC slabs reinforced with HRB500 and conventional steel bars. Flexural capacity tests were conducted on corroded slabs, analyzing failure modes, flexural capacity, and load-deflection curves under varying corrosion levels. Concurrently, the study examined the degradation of tensile properties and bond behavior of corroded steel. Considering potential failure modes (tensile yielding or bond-slip) depending on local corrosion severity within the slab, they proposed a method for calculating the flexural capacity of corroded RC slabs.
[image: 1732702662366]
Figure 1: Accelerated Electrochemical Corrosion Test Setup

At present, the application scope of high-strength steel reinforcement in China's engineering field continues to expand, particularly for flexural structural members of 600MPa grade and above. For such high-strength reinforced components, it is crucial to refine fundamental experimental research, accurately determine their average crack spacing, maximum crack width, and verify structural deflection. However, existing fundamental test data and theoretical analysis for 600MPa high-strength reinforced members remain limited, with relatively weak foundational research efforts. Current design of 600MPa high-strength reinforced members still relies on formulas from existing codes, which are primarily derived from 400MPa and 500MPa steel reinforcement. Therefore, conducting research on their mechanical behavior and damage-failure mechanisms, as well as evaluating the applicability of current code-based methods for crack and stiffness calculations, is essential.
3. Indirect Lap Splice Performance in Composite Slabs

Composite slabs consist of prefabricated base plates and cast-in-place concrete. The two components integrate to form a load-bearing system after combination, representing a novel structure that combines the advantages of both prefabricated floor slabs and cast-in-place floor slabs [2-3].
The development of RC structures is inextricably linked to advancements in both concrete and steel materials. Concrete has evolved towards higher strength, enhanced performance, improved constructability, and recyclability, while steel reinforcement has progressed toward increased strength, greater toughness, corrosion resistance, and better seismic performance. Lap splicing is a simple connecting method. Essentially, force transfer between overlapping bars occurs through bond with the surrounding concrete. From the perspective of a single bar, lap splicing involves anchorage— the transfer of tension via bond with the concrete to achieve continuity between adjacent bars [11].
Within prefabricated structural systems, the mechanism of indirect splicing (where bars are not in contact and may traverse interfaces) differs significantly from direct contact lapping. Consequently, researchers worldwide have studied the performance and detailing of indirect lap splices to explore this complexity.
Due to the absence of a universally accepted definition for indirect lap splices in Chinese standards, researchers vary in their criteria for determining required splice lengths. Zhou Jian et al. [12], based on uniaxial tension tests of specimens with varying lap lengths and bar diameters, proposed reliability criteria: no slip prior to peak load, and peak slip ≤ 0.04d (where d is bar diameter) at the free end. Applying these criteria, lap lengths of 1.0la and 1.2la (la = development length) were deemed insufficient. They recommended a design lap length of 1.5la. Ma Fudong et al. [11], utilizing 21 splice tests, 3 anchorage tests, and existing literature, derived formulae for average bond strength in anchorage and lap splices, and for calculating critical anchorage and lap lengths, achieving reasonable accuracy. Rong Jian et al. [13], investigating early-age bond behavior of splices in Ultra-High Performance Concrete (UHPC), found that UHPC cast around bars required only 6d as anchorage length to meet design demands during early construction stages. They also suggested that maximum bond performance in lap splices within UHPC was achieved at a lap length equal to one-third of the development length.
International scholar Ismael Vieito et al. [14] analyzed four unique indirect connection test methods, selecting the most robust configuration (all bars aligned in a single plane) for optimization. Tensile tests were conducted on 14 specimens (Fig. 2) featuring diameters of 12mm and 16mm and a lap length of 5d. Findings indicated that the optimized method reduced specimen/equipment costs while yielding more stable, reliable, and parameter-sensitive measurements. Non-contact splices exhibited lower average ultimate bond strength and greater free-end slip than contact splices.
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	(a) Plan View
	(b) Section View
	(c) 3D View


Figure 2: Schematic of Specimen Configuration
Moodi et al. [15] investigated the effect of stirrup confinement on bond strength in lap-spliced RC beams. Twenty beams with varying amounts of stirrups in the splice zone were subjected to electrochemical corrosion (corrosion level as variable), followed by four-point bending tests. Results demonstrated that increasing stirrups in the splice region enhances bond strength, ductility, and energy dissipation capacity. Zhang Tian et al. [16] experimentally studied five RC beams with different splice configurations (contact splice, non-contact splice, continuous bars), concluding that non-contact splicing is feasible and effective. Song Xuchuan et al. [17], through full-scale tests and finite element analysis on five RC beams, found non-contact splicing reliable. Compared to contact splicing, non-contact splices more efficiently achieve force transfer between bars via the surrounding concrete. Non-contact splices, within size limitations, can provide full tensile strength capacity. Both contact and non-contact splices should be avoided in regions of maximum tensile stress.
For composite slabs, the presence of the new/old concrete interface adjacent to supplementary bars lapped with the base slab reinforcement may lead to differences in connection capacity compared to indirectly lapped bars in monolithic concrete structures.
4. Research Status of Composite Slabs
Current slabs typically utilize HPB235 or cold-rolled ribbed bars. However, the low strength of HPB235 necessitates high reinforcement ratios, complicating construction and wasting resources. Cold-rolled ribbed bars achieve higher strength at the expense of ductility, reducing structural reliability. The future lies in high-strength steel. Grade 630MPa heat-treated ribbed reinforcement offers high strength coupled with good toughness. Its use in structures achieves material and energy savings, aligning with China's high-quality development goals. Developed countries utilize minimal reinforcement below 400 MPa, with over 95% market share for 400-600 MPa steel bars (e.g., Europe, USA). China included HRB400 and HRB500 bars simultaneously in the national product standard GB 1499 in 1998. The GB 50010-2002 Code for Design of Concrete Structures [19] designated HRB400 as the primary steel. Project statistics indicate HRB400 steel accounts for ~36% of beam reinforcement and ~18% of slab reinforcement in frame structures. Resource constraints initially delayed the full inclusion of HRB500 in new codes; future revisions plan to reintroduce it. Shen Yu [2] tested ten flexural slabs reinforced with HRB500 as the main tensile reinforcement (Fig. 3), focusing on flexural capacity, serviceability crack widths, and deflections under varying reinforcement ratios (Fig. 4). Results showed that deflections and crack widths of HRB500 RC flexural members under service loads could be calculated using formulae from GB50010-2002, albeit requiring slight modification. They recommended mandatory deflection checks for HRB500 slabs. Liu Lixin [20] also proposed substituting HPB300, HRB335, and HRB400 with CRB600H bars in slabs (cast-in-place or composite), highlighting significant steel reduction (≥17%) and cost savings (~20%) whether member design was governed by flexural capacity or minimum reinforcement ratio requirements.
The inter-slab shear connection, as a distinctive technology in composite slabs, constitutes the critical load-transfer mechanism governing structural behavior. Based on composite action characteristics, conventional connections are classified into two categories with distinct features detailed in Table 1:
Monolithic Shear Connections and Isolated Shear Connections.
Table 1: Types and Characteristics of Inter-Slab Connections
	Connection Type
	Characteristics
	Connection Type

	Bidirectional Monolithic Connection
	• Bidirectional force transmission (capable of transmitting shear and bending moments), highly cost-effective
• Excellent structural performance, high integrity (equivalent to cast-in-place)
• Precast slabs embedded with extended rebars (complicates fabrication, transportation, and construction)
• Requires post-poured strips, necessitating on-site formwork (complex construction)
• Design must consider effective cross-section height, rebar lap length, and other factors affecting structural behavior
	Bidirectional Monolithic Connection

	Unidirectional Isolated Connections
	Dry Joint Connection
	• Unidirectional force transmission, weak in shear/bending moment transfer; simple design
• No extended rebars—uses transverse rebars (simplifies fabrication and construction)
• Prone to cracking along joints later

	
	Grouted Joint Connection
	• Unidirectional force transmission, weak in shear/bending moment transfer; simple design
• No extended rebars—uses transverse rebars (simplifies fabrication and construction)
• High integrity: joints resist cracking

	
	Isolated-Reinforced Monolithic Connection
	• Bidirectional force transmission (capable of transmitting shear and bending moments), highly cost-effective
• Flanged precast edges + transverse rebars (simplifies production/construction)
• Relatively complex design calculations and detailing


Integral connections are currently the most widely used method, featuring mature technology. Current national standards and atlases [21-23] specify detailed practices: base slabs have protruding rebars connecting with composite layer reinforcement, while 200–300 mm post-cast strips between slabs are poured together with the composite layer. This connection offers high load-bearing capacity equivalent to cast-in-place slabs and follows conventional integral bidirectional slab design methods. However, protruding rebars complicate production, transportation, installation, and quality control, undermining prefabricated construction advantages.  
In contrast, separated connections eliminate protruding rebars. Slabs are directly joined during construction with transverse joint reinforcement at seams, significantly improving production, transport, storage, and installation efficiency. Three primary types exist: tight-joint, tight-seam, and separated reinforcement integral connections. Current national standards [21-23] and industry standards [24] outline these methods. Though simpler in construction, separated connections exhibit weaker moment transfer at joints, limiting bidirectional force distribution. Thus, designs typically adopt unidirectional approaches, with current research focusing on developing bidirectional-capable separated connections.Considering both methods and industrialization trends, separated connections show greater promise. Yet their unidirectional force transfer hinders widespread adoption. Developing composite slab connections that balance structural performance, simplicity, and constructability remains a critical research priority.
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	Figure 3: Physical View of Loading Setup
	Figure 4: Comparison of Crack Patterns for Specimens with Different Reinforcement Ratios (ρ)



The novel composite slab builds upon traditional and improved types by incorporating new technologies and materials. It reduces self-weight while enhancing mechanical properties, and additionally offers thermal insulation, soundproofing, and multifunctional benefits. Its prefabricated base slab maintains fundamental configurations including steel trusses, ribbed bases, and hollow core slabs. Regarding research on new-technology composite slabs, Sun Xiaoxi et al. [25-26] analyzed the advantages of autoclaved lightweight concrete (NALC) composite slabs as base panels in mechanical performance, economic efficiency, and construction convenience. This composite slab system has now been implemented in actual projects. Peng Yaping et al. [27-28] applied carbon fiber reinforced polymer (CFRP) sheets to the lower surface of joint locations in composite slabs. Their study examined bending performance through stress characteristics and failure modes, load-bearing properties, and deformation capacity, effectively resolving the issue of reserving protruding rebars at prefabricated slab connections.
Li Shujin et al. [29] developed a novel prefabricated bidirectional ribbed cavity composite slab . This floor slab demonstrates excellent overall performance, featuring high stiffness, strong load-bearing capacity, good ductility, and distinct bidirectional force-bearing characteristics, qualifying it for calculation as a bidirectional slab. Wu Liwei et al. [30] proposed a prefabricated hollow composite slab using polystyrene boards as inner molds . Static load tests revealed that this floor slab exhibits excellent overall performance, with load-bearing capacity meeting regulatory requirements for both construction and service stages.
Based on the above findings, domestic and international scholars have conducted extensive experimental and theoretical research on the bond behavior and structural components (beams, columns) using 630 MPa reinforcement. Results consistently demonstrate that these components exhibit structural performance significantly superior to conventional RC members while meeting the requirements of current design codes like GB 50010 [19].
5. Theoretical Calculation for Composite Slabs
5.1 Calculation of Cracking Moment

According to the SL 191-2008 Design Code for Hydraulic Concrete Structures [18], the cracking moment () can be calculated considering the measured elastic moduli of steel, precast concrete, and cast-in-situ concrete. Calculate parameters include transformed cross-sectional area (A), moment of inertia (I), and neutral axis position. The plastic moment modification factor (γm) varies depending on the section shape. For rectangular slab sections:

 	(5-1) 
where:

  is Calculated cracking moment of composite slab；

 is Characteristic tensile strength of concrete (test value);

 is Coefficient limiting concrete tensile stress (taken as 0.85);

 is Basic plastic section modulus coefficient (1.55 for rectangular sections) [19];

 is Transformed elastic section modulus
5.2 Calculation of Ultimate Flexural Moment



The flexural capacity calculation in GB50010-2010 Code for Design of Concrete Structures [19]: To prevent over-reinforced failure, the depth of the compression zone (x) must satisfy， and the tensile steel ratio must satisfy  

	（5-2）
 If these conditions are not met (indicating tensile steel yielding before concrete crushing), calculate as:

 	（5-3）
where:

 is Calculated ultimate moment of composite slab ；

is Effective depth of slab；

 is Depth of rectangular stress block；

is Distance from compressive steel centroid to compression face；

 is Slab width；

 is Design compressive strength of concrete;


 is Ratio of average stress in rectangular stress block to cylinder strength 
6. Conclusions 

1) The high strength of 630 MPa reinforcement enables significant reductions in steel consumption compared to conventional grades (e.g., HRB400) while meeting equivalent loading demands, contributing to resource efficiency and reduced carbon emissions.

2) Research indicates that using deformed bars with end hooks can potentially reduce the required tension lap length compared to straight bars, with findings suggesting achievable reductions between 10% and 50% aligning with international norms. China's code provision (40% reduction for hooked bars) falls within this scientifically supported range.

3) The presence of the new-old concrete interface in composite slabs, through which supplementary bars lap with the base slab reinforcement, necessitates distinct consideration compared to indirect splices fully within monolithic concrete. This interface potentially impacts the development length and bond capacity of the lapped bars.
4)High-strength steel composite slabs offer performance comparable or superior to conventional counterparts. The combination improves construction efficiency, resource utilization, weight reduction, and load-bearing capacity, aligning with sustainable development goals.
5)The stress characteristics of the connection methods between laminated slabs still require further optimization. There is a need to develop inter-slab connection methods that offer more efficient load-bearing performance, simpler structures, and more convenient construction.
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