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Abstract

Tunnel engineering in permafrost regions face severe challenges from geological disasters such as
frost heave, thaw settlement, and ice wedging. These issues arise from the multi-field coupling ef-
fects of temperature, stress, and seepage fields in permafrost, exacerbated by climate change and
thermal disturbances to engineering structures. This study systematically constructs a disaster pre-
vention technology system centered on thermal stability control, permafrost improvement, struc-
tural optimization, and intelligent monitoring through theoretical analysis, numerical simulation,
and engineering validation: an active cooling technology based on polyurethane/XPS composite in-
sulation layers and heat pipe-ventilation synergy can reduce the amplitude of temperature fluctua-
tions in the base permafrost and decrease frost heave deformation; chemical curing combined with
grouting-freezing physical reinforcement technology can suppress excessive frost heave rates;
flexible lining and deformable joints, integrated with anti-frost heave bases and temperature-
controlled drainage systems, can lower the concentration coefficient of frost heave stress; an IoT
monitoring platform using multi-source sensors and machine learning models can achieve 72-
hour disaster warnings. Typical engineering cases show that the cumulative thaw settlement in the
Fenghuoshan Tunnel of the Qinghai-Tibet Railway over 20 years is only 8 cm, the incidence of ice
wedging in the Baotou-Liaoyuan Railway Tunnel in Russia has decreased, and the Canadian Arctic
Tunnel has achieved carbon reduction. However, material aging, permafrost degradation, and the
combined effects of extreme weather still require digital twin and dynamic maintenance strategies
for long-term operation. Future research will focus on self-powered sensing, multi-field coupled in-
telligent early warning, and low-carbon refrigeration technologies to promote the evolution of per-
mafrost tunnel projects towards adaptability and sustainability, providing scientific support for the
safe construction and operation of major infrastructure in cold regions.
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