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Abstract

Obtaining accurate functions for soil hydraulic properties is necessary to calculate
water flow in variously saturated soils. Unsaturated hydraulic conductivity of unfrozen
soil is sometimes conceptualized using the capillary bundle model, in which soil pores
are treated as a bundle of capillary tubes of varying sizes. The size and number of tubes
are given from the retention curve. Water flow in a capillary tube can be considered to
follow Poiseuille’s law and produces hydraulic resistance between the flow and the tube
wall, leading to unsaturated hydraulic conductivity. Although this model contains many
of the same properties found in a real soils, it differs in several ways from real soil water
flow and is not very suitable for numerical simulation. Thus, closed-form models are
proposed for soil retention models. Some of these models have also been developed
based on a concept similar to the capillary bundle model. However, we must be careful
when expressing low soil water content, as models, which have constant residual water
content, underestimate hydraulic conductivity.

At subzero temperatures, ice may form in soil pores and grow with lowering
temperature. In the capillary bundle model, the freezing point in the capillaries is
depressed according to the Gibbs-Thomson effect and when stable ice forms in a
capillary, it forms in the center of the capillaries, leaving a circular annulus open for
liquid water flow. As the temperature decreases, more and more ice forms, and the water
flux consequently decreases. In frozen soil near 0°C, water predominantly flows
through ice-free capillaries, so the hydraulic conductivity of frozen soil is similar to that
of unfrozen soil with a water content equal to the unfrozen water content of the frozen
soil. However, at low temperatures, ice forms in almost all capillaries, and the hydraulic
conductivity of frozen soil is greater than that of unfrozen soil with the same water
potential. Additionally, an impedance factor is often used in numerical codes with the
purpose of reducing hydraulic conductivity in frozen soil. However, the physical
meaning of the factor is still unclear. Thus, we review models on the hydraulic
properties of frozen and non-frozen soils and discuss them from viewpoints of column
experiments and numerical calculations.
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