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Abstract

Lunar protective shielding shells constitute a critical class of lunar surface infrastructure designed to
protect pressurized modules, critical equipment, and strategic supplies from environmental hazards, in-
cluding extreme temperature differentials, regolith contamination, radiation exposure, and impact-induced
local damage. Existing studies have primarily focused on shielding concepts, structural configurations,
and initial construction strategies, whereas the long-term operational phase under severe logistical con-
straints and limited resource availability remains underexplored. To address this gap, this paper proposes
a ground-truth analog-based closed-loop method for the maintainability assessment and optimization
of lunar protective shielding shells. In this framework, anomaly identification—including affected loca-
tions, anomaly types, and maintenance trigger information—is treated as an external input provided
by monitoring systems or established inspection routines. Upon receiving such inputs, the proposed
method first establishes maintenance conditions and an evaluation workflow tailored to specific anomaly
scenarios, defining maintenance objectives, operational constraints, resource allocations, and acceptance
requirements. Repair operations are then carried out under predefined ground-truth analog simulation
constraints, while the maintenance process is documented through multi-source data acquisition. Main-
tainability is quantitatively assessed through two interrelated dimensions: maintenance process burden,
characterized by repair duration, consumables demand, energy consumption, and procedural complexity;
and post-maintenance effectiveness, characterized by the degree of shielding performance recovery and
the verification outcomes obtained under identical evaluation conditions. On this basis, a bottleneck di-
agnosis module is introduced to identify the dominant factors leading to excessive maintenance burden or
insufficient recovery. Targeted optimization strategies are then developed for shell detailing, patching and
material strategies, modular replacement logic, and maintenance procedures. The optimized solutions
are subsequently re-evaluated under consistent simulation conditions, enabling controlled comparison and
iterative refinement. By transforming the maintainability assessment and optimization of lunar protective
shielding shells into a reproducible experimental workflow, the proposed method provides a transparent
basis for balancing post-maintenance effectiveness against logistical burden. The method also reduces
dependence on Earth-based resupply through maintenance strategies informed by in-situ resource uti-
lization, thereby offering actionable technical support for the long-term stable operation of lunar surface
infrastructure.
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