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Abstract

Deep coal mining continuously disturbs the dynamic equilibrium of overlying rock strata and groundwater systems, leading to a
chain of geological hazards such as surface subsidence, water inrush, sandburst, and instability in goaf areas, which have become
the primary bottleneck constraining safe production in mining regions. To address this engineering challenge, this study developed
a three-dimensional monitoring system integrating microseismic monitoring, InSAR remote sensing, and deep multi-parameter
sensing. Building upon this, the research advanced a machine learning-based water inrush risk assessment model and a dynamic early
warning framework for goaf stability, achieving coordinated fusion and hierarchical early warning of multi-source heterogeneous
data. Through engineering practice in typical mining areas, the system’s on-site deployment scheme, operational stability, and early
warning timeliness were systematically validated. The results demonstrate that this technical system can effectively capture precursor
signals of disasters and compress early warning response time within acceptable engineering thresholds, providing a scalable
technical pathway for proactive prevention and control of geological hazards in coal mines.
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