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Abstract

Understanding the microscopic mechanisms of water retention is essential for predicting
the hydro-mechanical behavior of unsaturated soils. This study investigates the pore-
scale drainage and imbibition processes along main and scanning curves through high-
resolution X-ray micro-computed tomography (CT). By applying affine transformation for
precise image registration and extracting discrete liquid/gas phase clusters, we
quantitatively evaluated the evolution of fluid morphologies. Our morphological analysis
reveals that drainage occurs primarily from the pore centers in a relatively simple
manner. In contrast, the wetting process is more complex, characterized by the growth of
liquid bridges on soil surfaces at high suction, followed by the filling of pore centers at
lower suction. Based on these observations, we identified five distinct saturation
regimes linked to phase continuity and cluster shapes. Furthermore, we developed a
theoretical water retention curve (WRC) model using an assembly of unit cells. By
incorporating pore-scale air-entry and water-entry thresholds based on the Young-
Laplace equation and observed geometries, the model successfully predicts hysteretic
behavior and scanning curves without empirical fitting. This work bridges the gap
between pore-scale fluid physics and macroscopic soil properties, providing a robust
framework for simulating unsaturated soil behavior.
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