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Abstract

Permafrost environments in alpine cold regions are extremely fragile, with widespread develop-
ment of permafrost and seasonally frozen ground. The thermal and mechanical stability of frozen
soil foundations constitutes a core restrictive challenge for the construction and long-term safe op-
eration of infrastructure such as transportation, water conservancy and building engineering in
cold regions. Compound impacts from intensified global warming, engineering excavation and fill-
ing, surface vegetation destruction and other human disturbances disrupt the original thermal
equilibrium system of frozen ground. This results in thickening of the active layer, continuous thaw-
ing of underground ice, and intensified freeze-thaw cycling effects, which further trigger typical
foundation defects including frost heave and uplift, thaw settlement and collapse, subgrade crack-
ing, differential settlement, thermokarst slumping, and mud pumping. Such defects drastically
shorten the service life of structures and raise subsequent operation, maintenance and repair costs.
Taking the stability of alpine frozen soil foundations as the central theme, this paper systematically
reviews domestic and international research findings around four core modules: the coupled hy-
dro-thermal-mechanical multi-field interaction mechanism of frozen ground, long-term defor-
mation prediction methods for subgrades, coordinated active-passive temperature control technol-
ogies, and reinforcement mechanisms of composite frozen soil foundations. Mechanism diagrams,
defect schematic drawings, technical principle schematics, comparative tables and research evolu-
tion timelines are incorporated to assist analysis. The applicable conditions, advantages and limi-
tations of various theories, methodologies and engineering technologies are comprehensively com-
pared. Prominent drawbacks in current research are summarized, including oversimplified theo-
retical models, narrow and isolated technical applications, and lagging standard specification sys-
tems. Against the backdrop of major cold-region engineering construction and climate change, key
priorities and development trends for future research are prospected. This study aims to systemat-
ically elaborate the intrinsic instability mechanisms of alpine frozen soil foundations, improve the
technical system for the prevention, control and reinforcement of frozen soil foundation defects,
and provide theoretical support and engineering references for the design, construction, operation,
maintenance and disaster prevention of projects on plateaus and high-latitude cold regions.
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Figure 1. Schematic diagram of the coupling mechanism of water-heat-force multi-fields in frozen soil
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Table 1. Comparison table of numerical simulation methods for coupled Multi-field processes in permafrost
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Figure 2. Schematic diagram of typical diseases of high-cold permafrost subgrade (section)
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Figure 3. Schematic diagram of the working principle of active temperature control thermosyphon technology
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