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Abstract: The black soil region in Northeast China is an important commercial grain base in China. Hydrothermal migration and
deformation of the soil during the freeze-thaw process directly affect regional food security and ecological stability. This study
systematically revealed the synergistic mechanism of black soil freeze-thaw under multi-factor driving through indoor
unidirectional freeze-thaw experiments, scanning electron microscopy observations, and thermal-water-deformation multi-field

coupling models. The results showed that under the condition of no water replenishment, the temperature rise of the soil exhibited
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hysteresis and periodicity, and the supercooling degree of the surface phase change reached 1.2-2.5 C; Proactive water
replenishment increased the upper layer temperature by 2—4 ‘C, reduced freezing depth by 28%—35%, and weakened the negative
temperature effect on the ground surface. At the same time, the water field redistribution during the freezing stage showed an “S”
shape, with the unfrozen water content decreasing from top to bottom, and the trend during the melting stage reversing. The
freeze-thaw cycle significantly changed the microstructure, with a porosity increased by 21.62%-546.47% after 30 cycles, and
aggregate destruction rate up to 99%. Moreover, samples with high water content (>32.3%) were more susceptible to freeze-thaw
effects. In addition, the constructed multi-field coupling model (temperature and water content correlation coefficient >0.9)
accurately predicted the freeze-thaw response, revealing the layered mechanism of surface peat black soil frost heave dominance,
middle layer permeability difference regulating heat conduction, and deep rigid skeleton inhibiting deformation. It is
recommended to improve soil stability through straw covering, drainage measures, and low water cultivation system. The study
results provide theoretical and technical support for the construction of a dynamic monitoring system for freeze-thaw erosion and
the optimization of conservation tillage in black soil areas.

Key words: Freeze-thaw cycle; Black soil; Hydrothermal migration; Macro and micro deformation; Multi-field coupling model
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Fig. 1 Locations of study areas and drilling samples for black soil
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Fig. 2 Temperature boundary curves for unidirectional freezing and freeze-thaw cycles
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Fig. 3 Conceptual model of hydrothermal migration distribution in soil during freeze-thaw cycles and specimen model dimensions
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Fig. 4 Meteorological monitoring data in study area-A (air temperature and geothermal contour map)
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Table 3  Soil samples at different depths of each drilling location in study area-A
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Fig. 5 Simulated and tested temperatures at different depths during unidirectional freezing
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Table 4 Correlation coefficients between tested and simulated values of unidirectional freezing temperatures at different depths

R (cm) UFBS-1 UFBS-2 UFBS-3 UFBS-4 UFBS-5 UFBS-6
3 0.944 0.953 0.937 0.957 0.942 0.963
6 0.913 0.961 0.953 0.958 0.949 0.958
12 0.899 0.887 0.955 0.955 0.946 0.955
&S] 0.919 0.934 0.948 0.957 0.946 0.959

e BPEMEABEME «=0.01 B8 E R, MHEMESIR P<0.01 BEKFEO); FEFA,
x5 AEREGEESKERNRERGTEERXRY

Table 5 Correlation coefficients between tested and simulated water contents at different depths

R UFBS-1 UFBS-2 UFBS-3 UFBS-4 UFBS-5 UFBS-6
Pearson ¢ R HL 0.813 0.726 0.743 0.816 0.733 0.708
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5L RRRL. 17 ~ 23 h 55 2 R, 29 ~35 h 553 1 3 em ARG, 54 TRER B .
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Fig. 10 Temperature variations at different depths under different water replenishment conditions
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Fig. 12 Vertical displacement and strain curves during freeze-thaw cycles with water replenishment
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Fig. 13 Vertical displacement and strain contour maps during freeze-thaw cycles with water replenishment
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Fig. 14 Representative scanning electron microscope (SEM) images of soil samples with different water contents and freeze-thaw cycles
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Fig. 16 Soil aggregate destruction rates under different water contents and freeze-thaw cycles
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