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Abstract
Due to the high strength-to-weight ratio and excellent mechanical properties, Particle-Reinforced Metal Matrix

Composites (PRMMCs) are increasingly used in aerospace, automotive, and civil engineering applications.

However, predicting their mechanical behavior under cyclic and variable loads remains unexplored, especially

for applications where failure states must be prevented in order to achieve extended life service. Lower-bound

shakedown analysis, based on Melan's shakedown theorem, has been proposed as a powerful framework for

evaluating the long-term response of materials subjected to extreme loading scenarios, including cyclic and

time-independent loading paths. Its application to PRMMCs remains limited. Conventional modeling approaches

often idealize the microstructure and neglect the inherent heterogeneity of these composites; as a result, when the

local interactions between reinforcement particles and the surrounding matrix are overlooked, the predictions may

become inaccurate. Recent research has begun to address these shortcomings by the integration of microstructural
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features and boundary effects, paving the way for more reliable shakedown evaluations of PRMMCs. A multiscale

computational framework for interior-point shakedown analysis of PRMMCs developed as an extension of the

previous methodology based on Melan's theorem, is presented. Realistic 3D micro-structures are generated using

an established technique, capturing particle morphology, size, and spatial distribution. Homogenization techniques

are then applied to extract the effective material properties from the representative volume elements, which are

later used as input for the macroscopic shakedown analysis. This framework enables a systematic investigation of

how key micro-structural characteristics, like the particle size, the volume fraction, and the boundary conditions

influence the shakedown limits. By integrating realistic micro-structural modeling with lower-bound shakedown

theory, the proposed scheme delivers a robust and computationally efficient approach for evaluating the performance

of PRMMCs under variable and extreme loading conditions. The results demonstrate its compelling ability to

accurately predict shakedown limits, proving its value as a tool for the support of safe and optimized design of

next-generation, high-performance structural materials.
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