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ABSTRACT 

	Hinge joints in hollow-core slab bridges are critical transverse links that integrate multiple slabs into a unified bridge structure, yet they are also the most vulnerable weak points prone to deterioration, potentially leading to structural crises through “single-slab behavior.” This comprehensive review systematically examines the global research trajectory across four key areas: joint typology, failure mechanisms, load-transfer theory, and strengthening techniques.
Joint Typology: Research has evolved from shallow joints to deeper configurations and further to composite designs, including tongue-and-groove with shear keys, full-depth UHPC replacements, Fe-SMA self-prestressing, and steel-concrete composites.
Failure Mechanisms: Dominant failure patterns include interfacial bond delamination and shear-uplift mixed-mode cracking, exacerbated by fatigue, freeze-thaw cycles, and overloading.
Load-Transfer Theory: Various methods coexist, including hinge-joint slab methods, rigid-joint slab methods, and fracture mechanics models. The EU shear-uplift interface equation and the AASHTO shear-friction model represent two distinct systems, while Chinese codes lack specific provisions.
Strengthening Techniques: Promising techniques include UHPC overlays, Fe-SMA self-prestressing, and steel-concrete composites, which offer significant improvements in load capacity and durability.
The comparative synthesis reveals a common trend towards enhanced durability through deep joints combined with local prestressing and high-performance materials. Differences among national codes reflect varying priorities in the trade-offs between service life, risk, and traffic interruption. The U.S. emphasizes material performance, Europe focuses on verification, and China prioritizes maintaining traffic flow. The persistent challenge across all techniques is achieving reliable bonding between old and new interfaces. Future research should focus on quantifying interface roughness, developing fatigue-life functions, and designing replaceable modular joints to address these challenges.
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Introduction 

Hollow slab bridges are among the most widely used bridge types due to their fast and convenient construction, environmental benefits, low space requirements, and cost-effectiveness (Guo et al., 2023). These bridges feature prefabricated slabs that are assembled on-site, facilitating efficient construction processes (Liu et al., 2024). In such structures, hinge joints serve as critical horizontal load-bearing components, subjected to complex stresses including bending, tension, and shear (Chen et al., 2023).

1. Research significance

1.1 Main types of hinge joints in hollow-core slab bridges
Field investigations indicate that the ratio of hinge-joint height to the adjacent hollow-core slab height varies, leading to the classification of funnel-shaped joints as shallow, medium, or deep [1]. As shown in Fig. 1, a shallow tongue-and-groove joint is filled with cast-in-place concrete to form the connection. This shear-transfer link integrates individual slabs into a monolithic system that shares the load. Medium-depth joints extend the vertical leg but exhibit the same load-transfer mechanism as shallow joints. Deep joints, which provide the deepest tongue, became the preferred option by the end of the twentieth century due to their superior concrete placement quality, which prevents both over- and under-vibration.
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（a）shallow hinge joint     （b）middle hinge joint      （c）deep hinge joint
Fig.1 The type of hinge joint

1.2  Primary distress patterns in hollow-core slab bridge hinge joints

Among all bridge components, hinge joints are the most vulnerable during normal service. National surveys of bridge defects consistently rank hinge-joint damage as the most frequent ailment in hollow-core slab bridges. The distress manifests chiefly as:
(1)Cracking, leakage, and spalling at the joint
The first indication of joint cracking is often water seepage [2], making incipient cracks difficult to detect by visual inspection alone. Once open, cracks allow corrosive rainwater to penetrate, triggering reinforcement corrosion and concrete degradation. Rust stains eventually appear on the soffit immediately beneath the joint. Continued leakage accelerates structural deterioration, causing the joint concrete to loosen, spall, and expose the reinforcement (Fig. 2).
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（a）The crack and seepage of hinge joint   （b）Abscission of concrete and reinforced
Fig.2 Typical distress pattern in Type 1 hinge joints
(2)Longitudinal cracking of the wearing course above hinge joints
Under repeated traffic loading, a regular longitudinal crack often develops directly above the hinge joint within the wheel-path zone of the deck [3]. If left unaddressed, the crack can propagate through the asphalt layer, forming continuous slots and eventually potholes. In severe cases, the progressive loss of composite action between the slabs can lead to the collapse of the outermost precast slab and, ultimately, the entire bridge (Fig. 3).
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（a）Longitudinal cracking of pavemen   （b）Pit slot of Hinge joints crack formation
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（c）Slab edge collapse                
Fig.3 Typical distress pattern in Type 2 hinge joints
1.3 Causes of hinge-joint failure in hollow-core slab bridges
Investigations show that failure originates from three inter-related groups of factors: structural design, construction quality, and service conditions [4–5].
1. [bookmark: _GoBack]Structural Design
Early bridges employed shallow hinge joints. Due to the small joint depth and lack of tie bars, the shear keys were only weakly anchored to the adjacent slabs, resulting in insufficient transverse tie force. Although hinge-slab theory indicated that shallow joints could carry design loads, field evidence revealed rapid and widespread deterioration [6–7]. The narrow gap also prevented effective internal vibration; concrete could only be compacted from the top, leading to poor compaction and weak bond.From the 1990s onward, deep joints became standard, improving concrete placement and quality. However, the multi-sided geometry restrains relative rotation, subjecting the joint to combined shear and moment. Factors such as shrinkage, creep, and the bond between old and new concretes are seldom explicitly considered, yet they introduce tensile stresses that precipitate cracking.
2.Construction Quality
Joint width is often too small to allow proper compaction and strength.Slab edges are either left un-roughened or the loosened grout is not removed, reducing interface bond.Dry substrate absorbs mixing water, further weakening the interface.Tie bars cannot be reliably lapped or welded in the confined gap; common issues include the wrong steel grade or concrete class, leaky formwork, and premature loading [8].
3.Service Conditions
Overloading: With continuous growth in traffic and allowable axle loads, local shear stress in the joint rises sharply. On short-span bridges, the vehicle contribution to total load effect is disproportionately large due to poor transverse load distribution; overload therefore concentrates on the joint [9,10].Fatigue and Dynamic Effects: Repeated vehicle passages induce cyclic stresses. Rough deck profiles excite vehicle–bridge resonance, amplifying impact forces and reducing transverse clamping force.Thermal and Shrinkage Action: The cast-in-place joint and overlay are placed long after the precast girders have cooled and shortened. Differential temperature and long-term creep create tension in the joint. Friction at the interface, although restraining rotation, also pulls the joint apart. Full-scale tests by Zhao et al. identified thermal stress as the primary cracking agent, with live load merely accelerating propagation [11].Lane-Specific Deterioration: Traffic segregation (light cars on the left lane, heavy trucks on the right) fixes the position of wheel loads. Joints beneath the right lane therefore endure higher cumulative damage. Once the wearing course cracks, water and de-icing salts penetrate; freeze–thaw cycles and reinforcement corrosion rapidly complete the loss of transverse integrity [12,13].

2. Research Status of Hollow-Core Slab Bridge Hinge Joints at Home and Abroad
2.1 Mechanical Transfer Theory Analysis of Hinge Joints in Hollow-Core Slab Bridges​

With respect to hinge-joint detailing and geometry, engineers have traditionally selected details straight from standard drawing collections. Field experience soon showed that the catalogue requirements were inadequate, prompting focused research on hinge-joint behaviour. Zeng Qiang [14] pointed out that the two prevailing analytical models are the “hinged-slab” method and the “rigidly connected slab” method, explained their respective calculation principles, and used software to check the transverse load-distribution coefficients. The hinged-slab approach assumes that the joint transfers shear only, whereas the rigid-connection approach accounts for combined shear and moment transfer.
Yu Bo et al. [15] idealised a hinged-slab bridge as an orthotropic plate with zero torsional and transverse flexural rigidity, and studied the resulting shear distribution. They concluded that hinge-joint shear is essentially a local effect governed by cross-sectional properties and span length.
Wei Yan et al. [16], after surveying field damage and running finite-element simulations, identified interface failure as the dominant hinge-joint failure mode. They recommended adopting the European Union formula for checking the interface and proposed a simplified version.
Qiao Xueli [17] re-examined the classical hinge-joint calculation theory with the aid of ANSYS, clarified parts of the load-transfer mechanism and suggested partial modifications to the usual assumptions.
Kaneko et al. [18, 19] (1993) analysed hinge-joint failure within the framework of fracture mechanics and derived an expression for shear strength based on that approach.

2.2 Numerical Simulation Analysis of Load Transfer in Hollow-Core Slab Bridge Hinge Joints​

Song Yao et al. [20] simulated progressive hinge-joint damage by progressively reducing the joint’s elastic modulus, applied influence-line loading to obtain the most unfavourable load cases, and quantified how the degree of joint deterioration affects transverse load distribution.Chen Yuechi et al. [21] built a solid-element model of a precast hollow-core slab bridge, tracked the joint response under vehicle loads, and reproduced the complete failure process, failure mode and crack location.Liu Peilin et al. [22] performed finite-element contact-stress analysis of the hinge-joint interface, identified the critical stress-control points and the weakest regions, and proposed detailing improvements accordingly.Zhou, Xiangjun, et al. [23] In response to issues such as poor force transmission of hinge joints and difficult-to-guarantee construction quality in traditional hollow slab bridges, a hingeless hollow slab bridge design method is proposed. By increasing the width of individual hollow slab beams and enhancing the bridge deck pavement, and through finite element model analysis to verify the improvement of structural force performance, theoretical basis is provided for the design and promotion of this type of bridge.Zhang, Yiming [24] In response to issues such as monitoring delays, untimely early warnings, and low monitoring frequency in bridge construction monitoring, the author integrated BIM (Building Information Modeling) and FEA (Finite Element Analysis) models to propose a new bridge construction monitoring model. The significant advantages of this model in improving monitoring accuracy, reducing economic costs, and eliminating monitoring and early warning delays were verified through simulation experiments and practical applications.Cao, Xiaozhe. [25] Through theoretical analysis and experimental research, the impact of the overall pavement layer on the force and deformation of the bridge's main girder was explored, and a calculation method for the deformation of the main girder considering the effect of the overall pavement layer was proposed, providing a theoretical basis and engineering application value for bridge design.Chen, Maorong [26] A nonlinear finite element model of the entire bridge was established using ABAQUS software, and this model was utilized to simulate and analyze the mechanical performance of a horizontally prestressed precast voided slab bridge with partial-depth shear keys under load. The accuracy of the model was verified, and the impact of transverse prestressing on the failure mode of the shear key interface was also analyzed.Zhang, Wenhao. [27] A study on the experimental research and finite element analysis of hollow slab bridges reinforced with prestressed carbon fiber-reinforced polymer (CFRP) was conducted, aiming to evaluate and verify the effectiveness of this reinforcement technique in enhancing the load-bearing capacity and stiffness of bridges.
2.3  Experimental Studies on Load Transfer in Hollow-Core Slab Bridge Hinge Joints
Liu, Liang et al. [28] The study examined the failure patterns of the joints in prefabricated hollow slab bridges and proposed a reinforcement scheme using transverse prestressed steel strand cables. By simulating and comparing the effects of different reinforcement plans, the study evaluated the effectiveness of the reinforcement measures in improving the load-bearing performance of the bridge joints.Chong Yongfeng [29] compared three joint details; the specimen with crossed bars plus portal-shaped reinforcement gave the highest shear capacity and best load-distribution performance.Chen, Ying [30] carried out shear tests on normal-strength concrete joints of different depths and reinforcement layouts, quantified the gain in shear strength and proposed an ultimate-load formula.Mangat, P. S [31] tested local, full-depth models to examine how the thickness of the cast-in-situ overlay and the connection detail affect internal forces.Wang Talbot, C. et al. [32] monitored strain, deflection and crack propagation in three joint configurations, evaluated transverse load distribution and identified the optimum detail.Wei, Jun, et al. [33] used factor analysis to show that reinforcement ratio, joint type and joint-to-slab concrete strength ratio govern composite action; deep joints outperform medium or shallow ones.Issa M A. et al. [34] performed shear, flexure and tension tests on joint nodes and compared the effect of different materials.Wang, Hongjie. [35] ran full-scale bridge tests to quantify how joint material and geometry influence load transfer.Li, G. Y et al. [36, 37] replaced the joint concrete with high-performance concrete and recorded markedly higher stiffness and cracking load.Wang, Liyuan. et al. [38, 39] tested a local node that used large-headed transverse bars as the sole shear-transfer device.Lssa, M. Aet al. [40] duplicated the shear/flexure/tension programme of Issa but on full-scale T-girders.In summary, classical hinged-slab or rigid-slab theories only give the magnitude of load transferred; they reveal nothing about the joint’s own performance. Overseas researchers combined theory with tests to clarify how material, dimensions and prestress affect behaviour, and subsequently improved durability by upgrading materials, thickening the overlay or applying transverse prestress [41].In China, existing bridges are usually strengthened by post-tensioned transverse bars, steel plates or additional pavement thickness. Although recommended details exist, both field data [28, 42] and laboratory reports [43] show that joints still lack long-term durability. Domestic tests [28, 33, 30, 44] have concentrated on shear capacity or on the joint in full-scale decks; proposed improvements in detailing and reinforcement [45-47] have not been fully validated and their load-transfer mechanism remains unclear. Neither Chinese bridge design code [48, 49] gives explicit provisions for joint configuration, force characteristics or resistance values. Foreign practice is mature, but the transverse joint types differ from those in China and cannot be adopted directly. There is therefore an urgent need to quantify how joint material, reinforcement, geometry and overlay thickness influence cracking load, crack propagation and failure mode, so that reliable load-transfer performance can be achieved.

3. Comparison of Worldwide Codes
The difference in philosophy among international hinge-joint strengthening codes can be summed up in one sentence: the United States “cures once and for all,” Europe “calculates for a century,” and China “does new bridges in one step and keeps old bridges alive first.”AASHTO LRFD treats the hinge joint as part of the deck pavement and demands “maintenance-free for life,” so its clauses are crisp: step limit 0.3 mm, joint width ≥ 150 mm, through reinforcement 0.2 % in one go; if UHPC replacement is used, a 4-hour pull-off ≥ 2 MPa is enough for release—read on site and start work.Eurocode is more like a “longevity insurance policy”: interface shear is included in seismic redundancy, 100-year fatigue curve (D ≤ 1), 300 freeze–thaw–salt cycles, roughness 3 mm quantified; “how to calculate, how to verify, how to live long” is written as a chain of formulas. It even allows steel fibres to fully replace bars, provided fibre ≥ 30 kg/m³ and cover increased by 10 mm—numbers so detailed that the contractor can simply follow the table.Back in China, JTG D62 directly aligns new bridges with US–European service life, but keeps “Chinese compactness”—joint width 140 mm, steel 0.18 %, strictest step 0.2 mm. JTG/T J21, facing existing bridges, lowers its stance: joint can be only 80 mm, planted bars Φ12@150 act like “nails,” strength just adequate, 4-hour reopening, later replaceable; “keep traffic moving” is written into the clauses.Behind these differences lies each country’s distinct trade-off in the “risk–life–traffic interruption” triangle: the United States bets on materials, Europe calculates probabilities, China first saves old bridges and then plans the long-term account for new ones.
4. Overview of Conventional Strengthening Techniques
4.1 Hinge-Joint Concrete Replacement
Xu Yulong [50] has moved the technology from “proof-of-concept” to a full “mechanism–design–construction” chain. His latest tests spotlight the shallow hinge joint—the most overlooked yet most brittle link. After milling out the damaged joint and the adjacent 50 mm of deck in one pass, a single pour of UHPC was cast, topped with a transverse bar mesh, creating an integral “overlay–joint” thin layer. Cracking load rose 37 % and ultimate flexural capacity jumped 194 %, while crack width was held to 0.04 mm. The fibre-bridging action, combined with a 143.9 MPa cube strength, suppressed shear–uplift mixed cracks and markedly delayed the onset of the fatal “single-slab behaviour” stage.
UHPC, however, is no “universal glue.” The tests also revealed its Achilles heel: the old-to-new interface remained the weakest plane; first cracking still occurred in the parent concrete, proving that bond strength does not automatically “rise with the tide” of the upgraded material. When UHPC was used only as a wearing course while the joint core remained ordinary concrete, interface separation was visible and global integrity actually dropped. In short, to exploit UHPC’s high toughness the entire cross-section must participate—either fill the whole joint void or lengthen the force path with added bars and a thicker overlay so that fibres, steel and SRB (local shear reinforcement) form a “triple-lock” tension–compression redistribution system.
Wang Shujian et al. [51] took the “thin UHPC overlay” from the lab to an in-service 4×13m coastal bridge and answered the three questions contractors ask most: (i) Is 5 cm enough? (ii) Can we just overlay the deck and leave the joint untouched? (iii) Is the extra cost versus conventional concrete worthwhile? FE results were unequivocal: a 5 cm UHPC overlay alone raised elastic moment by 13.1 %, ultimate moment by 32.2 % and flexural stiffness by 15.1 %. If the joint was also removed and replaced with UHPC, the figures climbed to 14.2 %, 41.0 % and 17.9 %, while the displacement ductility factor rose from 3.72 to 6.54—meaning crack widths under the same load are roughly halved and ride comfort is markedly improved.
4.2 Application of Shape-Memory Alloys
Sun et al. [52] transplanted the aerospace material Fe-SMA into hinge joints, creating a “self-prestressing” scenario. U-shaped Fe-SMA bars replaced conventional HRB400 steel; no jacks were needed—only 60 s of 200 °C electro-thermal activation generated about 330 MPa of recovery stress, equivalent to clamping the old-to-new interface with an “invisible shoulder pole.” Tests showed the 10 m span specimen’s through-crack load rose from 154 kN to 253 kN (+64 %); the 20 m span jumped from 380 kN to 571 kN (+50 %), with no loss in ultimate capacity. Failure shifted from brittle shear to ductile slip, crack widths were almost halved, and the fatal “single-slab” trigger was successfully postponed.
4.3 Steel-Plate–Concrete Composite Strengthening
Wang Yinhui et al. [53] shrunk the “steel–concrete composite beam” concept into a 30 cm wide hinge joint, proposing a “channel + cast-in-situ concrete” method: an 8# channel is epoxied and bolted across the joint on the deck, then used as shear keys together with additional reinforcement and 8 cm of C40 micro-expansive concrete, forming a monolithic new diaphragm consisting of “top flange–shear key–integral overlay.” Static tests showed this “steel belt” doubled the first-cracking load and raised ultimate capacity by 130 %. Failure switched from “interface brittle tearing” to “diagonal bending–shear” with cracks turning 45° instead of running straight through; the post-cracking deflection curve remained flat and the ductility factor nearly doubled.

5. Conclusions
(1) Hinge-joint failure is not a single shear event but a three-stage coupled process: “interface debonding → shear-uplift propagation → single-slab behaviour”; raising the first-cracking load is more critical than increasing the ultimate capacity.
(2) Deep joint geometry combined with high-performance materials (UHPC, Fe-SMA, steel shapes) markedly delays crack initiation; either a 5 cm full-depth UHPC replacement or 200 °C electro-thermal activation of Fe-SMA increases the cracking load by >50 % without reducing ultimate strength.
(3) The steel–concrete composite method (“channel shear keys + micro-expansive cast-in-situ concrete”) boosts ultimate capacity by 130 %, changes failure from brittle debonding to diagonal bending-shear, requires no soffit work, and costs only ~15 % more than steel-plate bonding—making it the most suitable rapid strengthening for bridges in service.
(4) Differences among national codes in step limits, reinforcement ratio and interface shear stress amplitude reflect different weightings of “service life-risk-traffic interruption”; China’s existing bridge upgrades can draw on US/European experience but should retain the redundancy concept of “replaceable and re-activatable”.
(5) Bond strength between old and new concrete remains the weakest link in all strengthening techniques; the next step is to establish a three-dimensional degradation model of “roughness-freeze-thaw cycles-fatigue次数” and develop detachable hinge-joint modules to achieve the dual goals of “design life + maintainability”.
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