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Abstract

Freeze-thaw cycle is the core physical agent that shapes surface processes in permafrost regions. The
vertical differentiation of soil particle size in the active layer directly determines the hydrothermal and
mechanical properties of soil in cold regions, and exerts a profound impact on regional hydrological
processes, ecosystem stability, and the safety of engineering infrastructure. Aiming at the current prob-
lems that the research results on freeze-thaw-driven vertical differentiation of soil particle size are
scattered and lack a systematic multi-scale and multi-process integrated framework, this paper sys-
tematically reviews the research progress of relevant field observations and laboratory simulations at
home and abroad, and clarifies the typical phenomena, differentiation patterns, core driving mecha-
nisms and key controlling factors of this process. At present, the academic community has reached
some core consensuses, but there are still prominent controversies and cognitive bottlenecks in as-
pects including the dominance weight of microscopic mechanisms, quantitative description of micro-
scopic interface processes, construction of multi-process coupling models, and prediction of long-term
evolution laws. This paper constructs a multi-scale and multi-process integrated analytical framework
for freeze-thaw-driven vertical differentiation of soil particle size, and elaborates the core scientific
problems to be broken through in future research, so as to provide theoretical support for risk assess-
ment of permafrost degradation, ecological environment protection, and engineering safety mainte-
nance in cold regions.
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