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Overview of stability research on long-span concrete-filled steel tube arch bridges


 
Abstract: Concrete-Filled Steel Tube (CFST) arch bridges have developed rapidly in long-span bridge construction, with spans continuously increasing and structural systems becoming more diverse. As structures become more slender, stability issues have gradually become a key factor limiting further development. In recent years, researchers at home and abroad have conducted extensive studies on the static stability, dynamic stability, and nonlinear stability during the construction stage of CFST arch bridges, forming a relatively systematic theoretical and analytical framework. Existing studies have revealed the main factors affecting the ultimate load capacity of the structure from geometric nonlinearity, material nonlinearity, and initial imperfections, and have discussed key issues such as rise-to-span ratio, arch shape parameters, and system transition during construction. Overall, research on the in-service stability of CFST arch bridges has become mature, but systematic studies on the evolution of stability during the full construction process under ultra-long spans and the coupling mechanisms of multiple factors are still relatively limited. Further development of theoretical and analytical methods for construction-stage stability is of great significance for promoting the advancement of CFST arch bridges to larger spans.
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0. Introduction
CFST arch bridges are widely used in long-span bridge construction due to their efficient load-bearing, rational force transmission, and strong adaptability to construction conditions. In recent years, with the development of bridge engineering toward complex terrains and ultra-long spans, the span of CFST arch bridges has continuously increased, and structural systems have become increasingly diversified, showing significant advantages in mountainous and canyon bridge sites.
As spans increase and structures become more slender, stability problems under high axial compression and compression-bending coupling become more prominent. Reduced width-to-span ratio, decreased out-of-plane stiffness, and increased sensitivity to geometric imperfections make stability a key factor controlling the ultimate load capacity of the structure. Especially during the construction stage, when the structure is not yet closed, the system and loads vary with the construction sequence, making stability issues more complex.
Research on CFST arch bridge stability has covered in-service static stability, dynamic stability, and nonlinear stability during construction, gradually forming a geometric–material nonlinear analytical framework. However, the focus of stability research differs at various stages, and the results still lack systematic integration. Summarizing and reviewing these studies is necessary to clarify research progress and future directions.
1. Development of CFST Arch Bridge Engineering
CFST arch bridges have developed rapidly in highway and urban bridge construction, with structural forms constantly enriched, including tied arches, rigid frame arches, and composite systems. Under suitable site conditions, this bridge type remains highly competitive[1].
In engineering practice, Liu Jiaxing et al.[2]simulated the concrete casting process using finite element analysis to optimize construction schemes; Li Dongjia et al.[3] analyzed structural stress and load capacity during in-service stage using global and local models, meeting code requirements; Chen Xiaohuan[4]studied precise multi-segment arch rib installation techniques under complex environments; Wang Guohua et al.[5]proposed an 800 m-class swallow-shaped variable-section composite system and verified feasibility through numerical analysis; Yi Zhenghong et al.[6] analyzed seismic response characteristics during construction; Yin Tao et al.[7]summarized experience in cable-suspended arch erection. Overall, design and construction technologies have become increasingly mature.
2. In-Service Stability
Currently, the primary analysis methods applied to underground structures' seismic resistance are theoretical research, numerical research, and experimental research.
2.1 Theoretical Development
As typical compression structures, arch bridges have long been a focus of academic and engineering research. Arch stability theory can be traced back to Euler buckling theory, which laid the foundation for column instability analysis. Subsequently, Wagner proposed the extreme point instability theory to describe the discontinuous sudden changes in arch behavior under loading, providing a basis for complex structural buckling analysis. Timoshenko[8]studied the out-of-plane stability of curved thin strips under bending moments, systematically analyzing the effects of bending, torsion, and geometric nonlinearity on structural stability.
With continuous development, arch stability research has evolved from elastic buckling and extreme point instability to geometric–material nonlinear stability analysis. This theoretical framework not only establishes the foundation for static stability analysis but also provides methodological support for dynamic stability and construction-stage nonlinear analysis, forming the basis for modern CFST arch bridge stability evaluation in design, construction control, and safety assessment.
2.2 Static Stability Research
In terms of static stability, researchers have systematically studied in-plane and out-of-plane stability characteristics of parabolic arches, tied arches, and CFST bridges through experiments and numerical analysis. Kee et al.[9]conducted model tests on parabolic arches in the elastic-plastic stage, revealing the sensitivity of stability to span and rise-to-span ratio. Wang Hongwei et al.[10]indicated that the self-weight of tied arches has the most significant impact on out-of-plane stability, providing a reference for design. Austin[11]reviewed in-plane bending and stability of arches, summarizing key influencing factors and analytical methods. Xie Xu et al.[12]considered material nonlinearity in two-hinged steel arches and analyzed in-plane stability, pointing out that increasing beam stiffness can effectively improve arch stability. Liu Shujie et al.[13]investigated the effect of cable restraint during construction, revealing that reduced cable tension and increased sag affect arch rib stability. Cheng Jin et al.[14]analyzed data from Lupu Bridge, highlighting material nonlinearity as the main factor in steel box arch stability changes and proposed quantitative methods for large displacement and beam-column coupling effects.
For CFST arches, Hu et al.[15]proposed an analytical solution for in-plane stability, considering the contribution of curvature differential terms to membrane and bending strains, validated against finite element methods. Hu et al.[16]experimentally studied CFST parabolic arches under five-point symmetric concentrated loads to examine the effect of rise-to-span ratio on load capacity. Results showed that decreasing rise-to-span ratio significantly reduced load capacity, but the outer steel tube provided effective confinement for the core concrete, especially when the load reached 80% of the ultimate capacity. Pi et al.[17]established an in-plane strength design method consistent with steel structure codes, considering geometric and material nonlinearity, and provided formulas for combined uniform compression and bending-compression action. Han et al.[18]further analyzed the effects of geometric imperfections, steel content, unconfined concrete strength, rise-to-span ratio, and arch shape on ultimate capacity, finding that parabolic arches perform best. Overall, in-service static stability analysis of CFST arches has formed a geometric–material nonlinear framework, clarifying key factors affecting load capacity and stability. The main bridge of the Jianhe River Arch Bridge in Luoyang adopts a through-type concrete-filled steel tube (CFST) tied arch bridge with a main span of 72 m. Cheng Xiaohui discussed its overall structural design and established a finite element model to analyze the effects of arch ribs, hangers, and the number of transverse bracings on structural stability. In addition, the stability calculation procedure was examined in detail. Finally, recommendations and key considerations for the design of this type of structure were proposed[19].
2.3 Dynamic Stability Research
Dynamic stability mainly concerns seismic, wind, and periodic excitations. Budiansky et al.[20]proposed the B-R criterion for determining dynamic buckling onset, providing a guideline for nonlinear structural analysis. Shen Zuyan et al.[21]developed a method based on generalized stiffness definiteness for multi-degree-of-freedom systems, applicable to nonlinear structures. Feng X et al.[22] conducted shake-table tests on CFST arch models under earthquake loading, identifying critical conditions corresponding to peak ground acceleration. Xu Yan et al.[23]combined the B-R criterion and incremental dynamic analysis to study elastic dynamic stability under seismic excitation, considering initial imperfections and earthquake direction. Lu Hanwen[24]analyzed parametric resonance under periodic loads, incorporating nonlinear terms in the Mathieu-Hill equation, proposing nearly inevitable out-of-plane stability boundaries for design reference. Overall, dynamic stability studies identify earthquake direction, initial imperfections, and material nonlinearity as main influencing factors, and propose combined experimental and numerical evaluation methods.
3. Construction-Stage Structural Stability
Construction-stage stability of CFST arches is more complex. During construction, the structure undergoes segmental erection, system transition, and concrete casting, with time-varying stiffness and load states. Combined sections, boundary condition changes, and load redistribution further complicate stability. Therefore, construction-stage stability directly affects engineering safety and construction success.
Wang et al.[25]conducted linear and nonlinear buckling analyses on specific projects, revealing stress and displacement characteristics of main arches and arch ribs at different stages. Zhao Lei et al.[26]proposed a time-varying mechanics approach to more accurately capture the influence of load and stiffness evolution on stability.
Concrete casting is a key focus. Casting sequence, height differences, and concrete construction process significantly affect deformation, steel stress, and concrete stress distribution. Tong Jiansheng et al.[27]analyzed the effect of reasonable casting sequences on controlling arch deformation. Yan Quansheng et al.[28]and Wang Jianjun et al.[29]further discussed the effects of offset control and casting quality on construction safety. Xu Kaiming et al.[30]indicated that, for a 260 m-span upper-support CFST arch bridge, stability is worst during the last steel tube casting stage, with significant nonlinear effects. Zheng Jianrong et al.[31]studied the influence of symmetric casting and height differences, providing construction optimization suggestions. Chen et al.[32]and Huang Yun et al.[33]further demonstrated that material nonlinearity cannot be ignored during construction.
Overall, construction-stage stability research has formed an analysis framework based on engineering cases, but a unified theoretical framework is lacking. The coupling effects of casting sequence, system transition, and material nonlinearity on overall stability require further systematic study to guide ultra-long-span CFST arch bridge construction.
To address issues such as insufficient fluidity and easy clogging of concrete during the pumping of concrete-filled steel tube in tied-arch bridges, some scholars conducted research on mix proportion optimization and construction control technology, using a major bridge project as a case study. Through strength and slump tests, the optimal sand ratio was determined to be 45%. After optimizing the mix proportion, the concrete bleeding rate was less than 5%, the 2-hour slump loss was less than 20mm, and the 7-day compressive strength reached 51.9MPa. The construction adopted a continuous pumping scheme from the arch foot to the crown, combined with whole-process construction control technology, limiting the single-ring pumping time to within 3 hours. This effectively avoided issues such as segregation and cold joints, ensuring construction stability[34].
4. Conclusion
CFST arch bridges have developed rapidly in long-span bridge construction, with significant progress in both theory and engineering practice. In-service stability research has formed a framework from Euler buckling to geometric–material nonlinear analysis, clarifying the effects of rise-to-span ratio, arch shape, geometric imperfections, and material nonlinearity on load capacity and stability. Construction-stage studies indicate that segmental erection, system transition, and concrete casting with evolving loads and stiffness significantly affect stability, with casting sequence, height differences, and material nonlinearity as key factors.
However, the nonlinear evolution throughout the full construction process and the coupling of multiple factors remain unsystematically summarized, with most studies relying on single engineering cases and lacking a unified theoretical framework. Future research should deepen construction-stage nonlinear stability analysis and develop multi-factor coupling analytical methods to guide design, construction, and safety evaluation of ultra-long-span CFST arch bridges, promoting further span extension.
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