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Abstract: [ Objective] This study aims to objectively quantify the thickness of soil physical crusts, clarily the
development process, and characterize the pore structure of physical crusts in Quaternary red clay (QRC).
[Methods] Artificial rainfall simulation experiments were conducted to obtain soil physical crust samples under
varying rainfall durations. The crust thickness was quantified using X-ray computed tomography (CT) scanning and a
soil porosity threshold method, serving as a key indicator for analyzing physical crust development and revealing the
formation process of QRC crusts. Furthermore, the structural characteristics of crusted soil samples at different
developmental stages were investigated by extracting two-dimensional (2D) and three-dimensional (3D) pore

indicators. [ Results] 1) The development of physical crusts in QRC exhibited four stages: the initial phase of particle
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dispersion and soil pore-filling, the second phase of soil compaction induced by raindrops, the third phase of
stabilization, and the final phase of erosion. The average thickness of physical crusts in QRC measured at rainfall
durations of 1, 10, 30, 60, 90, and 120 minutes was 7.75, 8.07, 10.83, 11.53, 11.49, and 6.35 mm, respectively.
Except for the final measurement, crust thickness showed an initial increase followed by stabilization. The
development process (1~90 min) was represented by a cubic polynomial equation: y=10.17 —4.692+2.492*—0.302°
(R*=0.882 3). 2) The QRC physical crusts exhibited distinct 2D and 3D structural characteristics across different
developmental stages. In the mid-development stage, 2D parameters generally showed decreasing trends in pore
number, porosity, and equivalent pore diameter, while circularity progressively increased. For 3D parameters, the
fractal dimension initially expanded before stabilizing, whereas pore surface area and connectivity density first
increased, then decreased. All measured parameters exhibited significant variations across different crust development
stages. 3) The combined approach of X-ray CT scanning and porosity threshold analysis enabled objective
quantification of physical crust thickness. The development process of physical crusts was clarified through analyzing

thickness variations and pore structural characteristics. [ Conclusion] The findings establish a scientific foundation for

studying hydrological processes and enhancing erosion modeling accuracy in severely compacted regions.
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Fig. 1 Schematic diagram of crust thickness quantification
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Table 1 Statistical characteristics of crust thickness under different rainfall durations

R WY B[] /min i /IME /mm e KAH/mm F-#4{86 /mm 137 48 /mm SD/mm CV/%
1 0.25 14.48 7.75 7.54 5.69 73.40
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Table 2 Basic statistics of 2D indicators of crusted soil samples with different stages of development

TR MEWI RS /min - B /ME e KAE - H w37 % SD CV/%
1 213 1177 480 265 390 81.2
10 198 1649 783 483 656 83.7
30 449 1073 708 705 218 30.8
LB
60 63 1133 519 455 441 85.0
90 298 1518 785 500 575 73.2
120 876 2047 1454 1388 485 33.4
1 0.56 6.52 2.21 0.99 2.36 107.0
10 0.69 14.48 5.41 2.76 5.57 102.9
30 2.58 8.24 4.49 3.37 2.37 52.8
FLB
60 0.34 8.28 3.48 2.61 3.32 95.3
90 1.65 11.06 5.09 2.82 4.31 84.6
120 5.10 22.30 12.80 10.82 6.93 54.1
1 0.836 0.920 0.893 0.906 0.033 3.7
10 0.835 0.869 0.854 0.856 0.013 1.5
30 0.826 0.859 0.842 0.847 0.013 1.6
60 0.821 0.882 0.853 0.854 0.025 3.0
90 0.841 0.861 0.854 0.857 0.008 0.9
120 0.817 0.847 0.832 0.833 0.013 1.6
1 0.095 0.142 0.116 0.113 0.020 17.2
10 0.118 0.182 0.146 0.145 0.023 15.9
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- A AL AR
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Fig. 5 Variation characteristics of 2D indicators of crusted soil samples with rainfall duration
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Table 3 Statistical characteristics of 3D indicators of crusted soil samples at different stages
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Fig. 6 Variation characteristics of 3D indicators of crusted soil samples with rainfall duration
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