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face energy storage are critical to national energy and resource security as well as major engineering construction.
As resource extraction extends to greater depths, underground engineering is increasingly conducted in extreme
in-situ environments characterized by the coexistence of high in-situ stress, high temperature, high water/gas
pressure, and strong disturbances. Consequently, deep geoengineering disasters exhibit complex coupled charac-
teristics. Physical simulation experiments, which bridge theoretical analysis, numerical simulation, and field en-
gineering, are a key technical approach for revealing the initiation mechanisms, evolutionary patterns, and preven-
tion and control mechanisms of multi-field coupled dynamic disasters in deep engineering. This paper reviews the
development history and key technological breakthroughs of physical simulation equipment for multi-field cou-
pled dynamic disasters in deep engineering. It systematically summarizes the evolution of physical simulation test
systems worldwide in terms of model scale, loading methods, multi-field coupling, and monitoring technologies.
The results indicate that physical simulation instruments have evolved from small-scale mechanistic testing to
medium-scale disaster-process simulation and subsequently to large-scale reconstruction of engineering systems.
Loading methods have progressed from single static loading to combined dynamic-static loading, multi-strain-rate
disturbances, and true triaxial non-uniform loading. Physical-field simulation has expanded from a single stress
field to coupled stress-gas seepage, stress-water-pressure, and thermo-hydro-mechanical fields. Monitoring tech-
niques have advanced from external morphology observation and point-based sensing to multi-source information
fusion involving acoustic emission, microseismic monitoring, infrared thermography, distributed optical fibers,
and electrical resistivity imaging. Further analysis shows that current physical simulation technologies still face
several challenges, including the difficulty of achieving coordinated matching of similarity materials for mul-
ti-field and multiphase conditions, insufficient simulation of deep coupled environments, limited transparency of
internal disaster processes within models, and inadequate interpretation frameworks for multi-source data fusion.
In response, our team has innovatively addressed five key technical challenges: in-situ simulation of deep mul-
ti-field coupled environments, three-dimensional reconstruction of strata with similarity principles, adaptive com-
bined dynamic-static loading at multiple strain rates, coupled gas-liquid pressure-maintaining loading with dy-
namic sealing, and integrated monitoring of multiple physical parameters using diverse information sources. The
developed system can simulate extreme geological conditions equivalent to a burial depth of 6,000 m, with a
maximum in-situ stress of 150 MPa, a geothermal temperature of 200 °C, and water/gas pressure of 60 MPa. Fu-
ture research will continue to address two major challenges: the development of transparent similarity materials
for multi-field and multiphase conditions, and three-dimensional geological visualization technologies. These ad-
vances will promote the transformation of underground engineering physical simulation from reproducing disaster
phenomena to reconstructing deep in-situ environments, visualizing disaster evolution processes, and quantita-
tively characterizing prevention and control mechanisms.

Key words: Dynamic Disasters in Deep Underground Engineering; Similarity Physical Modelling; Multi-field
and Multi-phase Coupling; Development of Instrumentation and Facilities
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