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Fig.1 Coupled model considering prestress loss
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evolution(AHDE) algorithm
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Abstract: This study proposes a coupled constitutive model for the stress relaxation of the anchor-saturated
clay system, grounded in fractional calculus theory. The anchor is modeled as a linear elastic body due to its
considerably higher stiffness and negligible rheological effects under service stress levels. In contrast, the
saturated clay is represented by a fractional-order generalized Kelvin model, whose parallel structure effectively
encapsulates the “memory effect” and “stage-wise stabilization” features—characterized by rapid initial decay
followed by gradual convergence—commonly observed in engineering practice. The use of the Riemann-
Liouville fractional derivative, along with the two-parameter Mittag-Leffler function, provides a unified
theoretical framework for describing material memory effects and continuous relaxation characteristics. To
achieve high-precision parameter identification, we propose a hybrid optimization strategy that integrates the
adaptive hybrid differential evolution(AHDE) algorithm with the Levenberg-Marquardt (L-M) algorithm. The
AHDE, featuring adaptive parameter mechanisms and sub-population mutation strategies, conducts a global
search, while the L-M algorithm subsequently performs local refinement. This approach effectively addresses
the challenges of non-convexity and multi-parameter coupling inherent in fractional-order constitutive models.
The strategy’ s validity is confirmed using prestress monitoring data from the 71# anchor bolt, which is
equipped with a vibrating wire pressure cell at the Youyiguan Intelligent Port freight corridor slope project in
Guangxi, China. The monitoring data exhibit a characteristic two-stage evolution, marked by rapid initial decay
followed by slow stabilization. The findings indicate that the model effectively replicates the complete stress
relaxation process, achieving an R? value of 0.9517, and surpasses the standalone Levenberg-Marquardt(L-M),
least squares, genetic algorithm, and particle swarm optimization methods in terms of both fitting accuracy and
residual stability. Sensitivity analysis elucidates that the fractional order predominantly governs the relaxation
rate, the viscosity coefficient dictates the degree of retardation, the soil elastic modulus primarily influences the
initial anchoring force, and the anchor elastic modulus is crucial for sustaining long-term pre-stress levels. This
study presents a comprehensive framework that integrates fractional-order constitutive modeling, hybrid
optimization-based parameter identification, and mechanistic parameter analysis, providing both theoretical
insights and practical guidance for the analysis of long-term prestress relaxation and the engineering design of
anchored geotechnical structures in soft ground.

Key words: anchorage system; stress relaxation model; fractional calculus; differential evolution algorithm;
parameter identification
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