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Abstract

In-service concrete bridges are subjected to long-term exposure to traffic loads, temperature and humidity variations, and
environmental erosion, leading to progressive fatigue damage accumulation and structural degradation that compromises
operational safety. Conventional assessment methods relying on periodic inspections and empirical adjustments often fail to
accurately characterize fatigue evolution patterns. This study employs damage mechanics and fracture mechanics theories to
investigate microcrack propagation and damage accumulation mechanisms under stochastic loading conditions for concrete and
steel reinforcement, establishing a fatigue life prediction model incorporating environmental effects. By integrating structural health
monitoring (SHM) data with machine learning algorithms, the research achieves dynamic prediction and condition assessment of
remaining service life. Comparative analysis demonstrates that the coupled model reduces prediction errors by approximately 22%
compared to traditional S-N curve methods, providing a more accurate representation of fatigue degradation processes and offering
reliable evidence for bridge life management and maintenance decision-making.
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