
LA-UR-23-22289
Accepted Manuscript

Numerical Study of Coupled Water and Vapor Flow, Heat
Transfer, and Solute Transport in Variably‐Saturated
Deformable Soil During Freeze‐Thaw Cycles

Huang, Xiang
Rudolph, David L.

Provided by the author(s) and the Los Alamos National Laboratory (2023-11-03).

To be published in: Water Resources Research

DOI to publisher's version: 10.1029/2022WR032146

Permalink to record: 
https://permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-23-22289

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National Nuclear Security
Administration of U.S. Department of Energy under contract 89233218CNA000001.  By approving this article, the publisher recognizes that the U.S. Government
retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government purposes.
Los Alamos National Laboratory requests that the publisher identify this article as work performed under the auspices of the U.S. Department of Energy.  Los Alamos
National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the
viewpoint of a publication or guarantee its technical correctness. 



1.  Introduction
A changing climate increases the variability in hydrologic dynamics within periglacial landforms and particu-
larly in the subsurface, where freezing and thawing conditions can exist. For example, water (moisture) move-
ment in freezing soils plays a crucial role in frost heave and subsequently thaw settlement, processes that must 
be considered while assessing slope stability in the construction of infrastructure such as paved roadways and 
buried pipelines and landform evolution (e.g., Huang et al., 2022; Williams & Smith, 1989). Subsurface water 
flow and storage dynamics in seasonally frozen soils are very different from those within the perennially frozen 
ground (permafrost) or in warmer regions with negligible frozen soil (e.g., Ireson et al., 2013; Zheng et al., 2002). 
Subsurface hydraulic and thermal properties, mass fluxes and stress-strain fields are usually affected by the cyclic 
formation of ice due to water-ice phase change during the annual freeze-thaw cycle. In addition, warming climate 
conditions result in changing hydrological processes, such as precipitation, evapotranspiration, and in particular, 
freeze-thaw cycles, which may also influence the thawing rate of permafrost and the depth of the frost zone (e.g., 
Evans et al., 2018; Kurylyk et al., 2014). However, what is not well understood are the feedbacks between these 

Abstract  As climate change intensifies, soil water flow, heat transfer, and solute transport in the 
active, unfrozen zones within permafrost and seasonally frozen ground exhibit progressively more complex 
interactions that are difficult to elucidate with measurements alone. For example, frozen conditions impede 
water flow and solute transport in soil, while heat and mass transfer are significantly affected by high thermal 
inertia generated from water-ice phase change during the freeze-thaw cycle. To assist in understanding these 
subsurface processes, the current study presents a coupled two-dimensional model, which examines heat 
conduction-convection with water-ice phase change, soil water (liquid water and vapor) and groundwater flow, 
advective-dispersive solute transport with sorption, and soil deformation (frost heave and thaw settlement) in 
variably saturated soils subjected to freeze-thaw actions. This coupled multiphysics problem is numerically 
solved using the finite element method. The model's performance is first verified by comparison to a 
well-documented freezing test on unsaturated soil in a laboratory environment obtained from the literature. 
Then based on the proposed model, we quantify the impacts of freeze-thaw cycles on the distribution of 
temperature, water content, displacement history, and solute concentration in three distinct soil types, including 
sand, silt and clay textures. The influence of fluctuations in the air temperature, groundwater level, hydraulic 
conductivity, and solute transport parameters was also comparatively studied. The results show that (a) there 
is a significant bidirectional exchange between groundwater in the saturated zone and soil water in the vadose 
zone during freeze-thaw periods, and its magnitude increases with the combined influence of higher hydraulic 
conductivity and higher capillarity; (b) the rapid dewatering ahead of the freezing front causes local volume 
shrinkage within the non-frozen region when the freezing front propagates downward during the freezing stage 
and this volume shrinkage reduces the impact of frost heave due to ice formation. This gradually recovers when 
the thawed water replenishes the water loss zone during the thawing stage; and (c) the profiles of soil moisture, 
temperature, displacement, and solute concentration during freeze-thaw cycles are sensitive to the changes in 
amplitude and freeze-thaw period of the sinusoidal varying air temperature near the ground surface, hydraulic 
conductivity of soil texture, and the initial groundwater levels. Our modeling framework and simulation 
results highlight the need to account for coupled thermal-hydraulic-mechanical-chemical behaviors to better 
understand soil water and groundwater dynamics during freeze-thaw cycles and further help explain the 
observed changes in water cycles and landscape evolution in cold regions.
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hydrological drivers and freeze-thaw cycles, which control subsurface water flow and storage in seasonally frozen 
regions (e.g., Chen et al., 2019; Xie et al., 2021).

Soil freezing is a complicated phenomenon that involves the migration of liquid water toward the advancing 
freezing front, concomitant with the expansion of solid ice (e.g., excess ice, ice lenses/wedges) within the pore 
space, often leading to ground surface frost heave. Upon thawing, these processes reverse, as solid ice transforms 
into liquid water, resulting in water drainage and thaw settlement. The phase transition between ice formation 
and melting during the freeze-thaw cycles entails a large amount of fusion latent heat that provides high thermal 
inertia with significant implications on heat transfer, moisture mobility, and their availability in soils. In addition, 
freeze-thaw processes have been shown to be influenced by soil solute dynamics within the unfrozen water (e.g., 
Hayashi, 2013; Ireson et al., 2013). Investigation of the propagation of a freezing front, redistribution of water 
content, and associated features of interest in soil subjected to freeze-thaw cycles is often conducted through 
laboratory and/or field experiments. However, monitoring and characterization of all relevant variables and feed-
back mechanisms are challenging due to limitations of the monitoring equipment and the experimental execution 
in cold harsh environments (e.g., Williams & Smith, 1989; Zheng et al., 2002). In concert with experimental 
observations, models can be valuable auxiliary tools to close information gaps in observations in space and time 
and have become vital to exploring seasonal freeze-thaw processes in the soil ecosystem. This is true whether the 
research objective is related to mechanism verification based on observational data or predictive understanding 
utilizing synthetic analysis.

A progression of models has been developed in the past few decades to simulate freezing and thawing in the 
subsurface. However, these models tackle the freeze-thaw processes with different levels of complexity and 
generally can be categorized into three groups: thermal-hydrologic (TH) models, thermal-mechanical (TM) 
models, and thermal-hydro-mechanical (THM) models. Each of these approaches has its strengths and limi-
tations on applicability to modeling frozen soil and permafrost studies. TH models can simulate multiphase, 
non-isothermal mass and energy transport in variably-saturated, non-deformable soils. Examples of these types 
of models include SHAW (e.g., Cui et al., 2020; Xie et al., 2021), Hydrus (Šimůnek et al., 2018), Sutra-ice (Evans 
et  al.,  2018; Kurylyk et  al.,  2014; McKenzie et  al.,  2007) and PFLOTRAN-ice (Karra et  al.,  2014), Smoker 
(Molson & Frind, 2015), among others (e.g., Grenier et al., 2018; Huang et al., 2016; Kelleners, 2020). This 
group does not consider mechanical deformation during the freeze-thaw period or solute transport processes. TM 
models present detailed thermal-mechanical dynamics in permafrost and building materials subjected to freeze-
thaw action based on energy and momentum conservation, however, water migration and/or cryogenic suction are 
usually ignored (e.g., Loli et al., 2020; Žák et al., 2013). Models introduced by Arzanfudi and Al-Khoury (2018), 
and Thomas et al. (2009), for instance, are among the THM category and are generally formulated based on the 
theory of thermo-poroelasticity presented by Coussy  (2005) and Selvadurai and Suvorov  (2017). Most THM 
models are designed to predict the dynamics of soil water, temperature, and stress-strain in saturated frozen soils, 
and some also include solute transport processes (e.g., Zheng et al., 2002). Only a few of these THM models are 
suitable for describing freeze-thaw processes in unsaturated deformable soils (e.g., Huang & Rudolph, 2021) and 
their associated solute transport reactions (e.g., Frampton & Destouni, 2015; Mohammed et al., 2021). In order 
to more completely investigate and understand soil freeze-thaw behavior, there is a need to develop a coupled, 
multiphysics model encompassing the highly nonlinear processes involving the thermal, hydrological, mechani-
cal, and chemical responses during freeze-thaw cycles.

It has been observed in many field/laboratory experiments that soil water (moisture) movement in freezing soils 
can lead to groundwater table decline (e.g., Cui et al., 2020; Zheng et al., 2002). Yet, the groundwater dynamics 
and their relations to the redistribution of soil water during the freeze-thaw period are largely unknown and not 
wholly accounted for in most numerical models (e.g., Chen et al., 2019; Cui et al., 2020). In many previous experi-
mental and numerical studies, a fixed groundwater table is commonly imposed or assumed to study the pore water 
movement from the saturated zone through the unsaturated zone to the freezing front (e.g., Chen et al., 2019; 
Huang & Rudolph, 2021, 2022; Shoop & Bigl, 1997; Zheng et al., 2002). However, a fixed groundwater table 
boundary condition is an over-simplified representation of the groundwater recharge/discharge regime. This is 
particularly true during the annual frozen period when groundwater storage depletion can be the most active. In 
addition, a water flux boundary (e.g., free gravitational drainage or seepage boundary) is frequently applied to the 
bottom of unsaturated soil layers to simulate downward groundwater recharge (e.g., Kurylyk et al., 2014). This 
assumption does not permit the potential upward migration of pore water (cryosuction) and water vapor from the 
water table during freeze-thaw periods.
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This paper proposes a fully coupled thermo-hydro-mechanical-chemical (THM-C) model for describing 
the coupling effect of water-vapor-heat movement and solute transport in variably-saturated, deformable soil 
subjected to freeze-thaw cycles, which have not been simultaneously considered in our previous studies (Huang 
et al., 2022; Huang & Rudolph, 2021, 2022). The model considers several crucial but commonly ignored physical 
processes such as cryosuction-induced water flow, vapor migration and evaporation-condensation, soil defor-
mation, solute transport/adsorption, and freezing point depression. The numerical solution of these combined 
processes is conducted through the use of the COMSOL Multiphysics package (Comsol, 2017). The performance 
of the model structure is first verified by comparison with laboratory experimental observations from published 
literature. The two-dimensional model system is then used to quantify how the freeze-thaw cycles affect the 
evolution of temperature, water content, displacement history, and solute concentration in different soil textures. 
The factors influencing interactions between groundwater and soil water in the vadose zone are investigated and 
can provide a theoretical reference for practical engineering applications.

2.  Methodology
2.1.  Conceptual Formulation

The movement of soil moisture and groundwater in a deformable soil profile and its main hydrological processes 
during one seasonal freeze-thaw cycle is schematically illustrated in Figure 1. In addition to lateral groundwa-
ter outflow, the processes leading to groundwater level decline during the freezing stage include upward flow 
induced by freezing (cryosuction) and evaporation. In contrast, the processes leading to groundwater level rise 
are lateral groundwater inflow and downward flow contributed by thawing and precipitation during the thawing 
stage. A frozen zone enveloped by the freezing front is formed if the soil temperature is locally below the freezing 
point of the local soil water. In the frozen zone, the pore space is filled with a small amount of unfrozen liquid 
water, a large portion of solid ice, and a variable amount of soil gas. The accumulated ice content can continu-
ously increase due to cryosuction and may expand the intrinsic pore space resulting in frost heave. The frozen 
zone gradually recedes when transitioning into the thawing stage, and the thawed-water will infiltrate downward 

Figure 1.  Schematic diagram of hydrological processes and groundwater regime within a soil profile during the late winter (freezing) and early spring (thawing) 
periods.
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as groundwater recharge, which may also result in ground subsidence or thaw settlement. It should be noted that 
the lateral groundwater inflow or outflow and the occurrences of snow/rainfall might change with the seasonal 
weather and anthropogenic activities throughout the whole freeze-thaw period. In addition, dissolved solutes 
within the soil water may affect heat transfer and hydraulic properties by changing soil freezing characteristics, 
including freezing point depression. Vapor flow can also affect the heat and mass budget in the unsaturated freez-
ing soil (e.g., Hansson et al., 2004; Huang & Rudolph, 2021). The aforementioned movement of soil water, vapor, 
heat and solute in variably-saturated deformable soil during a freeze-thaw cycle are closely coupled, nonlinear 
processes.

2.2.  Mathematical Model

In order to simplify the governing equations for water and vapor flow, heat transfer and deformation in unsatu-
rated freezing soil, several basic assumptions are made as follows,

1.	 �The migration of the water and vapor in soil obeys Darcy's law during the freeze-thaw cycles and is driven 
only by the matric potential, cryosuction and gravity.

2.	 �Soil grains, water and ice are homogeneous, isotropic, and incompressible. Ice growth and expansion are isotropic. 
The porous soil medium is considered a poroelastic continuum under two-dimensional plane-strain conditions.

3.	 �Water-ice phase change is based on equilibrium thermodynamics and non-hysteretic soil freezing characteris-
tic curves. Pore air pressure in the soil is always equal to atmospheric pressure.

4.	 �Salt (solute) precipitation/dissolution/redistribution processes (e.g., salt crystallization, solute redistribution 
within soil pores) caused by solute exclusion from the ice phase are negligible. Freezing point depression 
linearly relates to solute concentration.

2.2.1.  Water and Vapor Flow

The general partial differential equation for describing transient water and vapor flow in soils under 
variably-saturated conditions can be expressed as (e.g., Corapcioglu & Panday, 1995; Philip & De Vries, 1957):

𝜕𝜕

𝜕𝜕𝜕𝜕
(𝜌𝜌𝑤𝑤𝜃𝜃𝑤𝑤 + 𝜌𝜌𝑖𝑖𝜃𝜃𝑖𝑖 + 𝜌𝜌𝑣𝑣𝜃𝜃𝑣𝑣) = −∇ ⋅ (𝑞𝑞𝑤𝑤 + 𝑞𝑞𝑣𝑣) = −∇ ⋅ (𝜌𝜌𝑤𝑤𝒖𝒖𝒘𝒘 −𝐷𝐷𝑣𝑣∇𝜌𝜌𝑣𝑣) − 𝜌𝜌𝑤𝑤𝑆𝑆𝑤𝑤𝛼𝛼𝑏𝑏

𝜕𝜕𝜕𝜕vol

𝜕𝜕𝜕𝜕
� (1)

where subscripts w, i, and v refer to liquid water, ice and vapor, respectively; ρ is the density (kg · m −3); θ is a 
volumetric fraction; q is the mass flux (kg · m −2 · s −1); t is time (s); Sw is the degree of unfrozen water saturation; 
Dv is the water vapor diffusivity (m 2 · s −1); εvol is the volumetric strain of the soil matrix (the sum of the two 
normal strain components), and αb is the Biot-Willis coefficient. The thermal-induced liquid water flux related 
to thermal-hydraulic conduction (Hansson et al., 2004; Noborio et al., 1996; Šimůnek et al., 2018) is neglected 
in this paper because it has been proven to be much smaller than the water flux driven by the matric potential 
gradient in practical low-temperature engineering problems (Cui et al., 2020; Zheng et al., 2002). Water density 
and viscosity are assumed to be constant during a narrow range of temperature changes and solute concentration 
variations. The effects of solute concentration on water and vapor flow are considered negligible. As such, the 
pore water velocity (averaged water flux) is calculated as uw = −K∇(φh + z) based on Darcy's law, where K is 
the soil hydraulic conductivity tensor (m · s −1) under unsaturated or saturated conditions; φh is the soil matric 
potential or pore-water pressure head (m); z is the elevation (m). Briefly, the terms on the left side of Equation 1 
represent the change in volumetric liquid water, ice content, and vapor content, respectively; the terms on the 
right side represent net liquid and vapor fluxes, and the deformation of pore space (the time rate of expansion of 
the porous soil matrix), respectively.

The relations between the soil-water characteristic curves and unsaturated hydraulic conductivity are described 
by the widely used van Genuchten–Mualem constitutive formula (Mualem, 1976; van Genuchten, 1980):

𝑆𝑆𝑒𝑒 =
𝜃𝜃𝑤𝑤 − 𝜃𝜃𝑟𝑟

𝜃𝜃𝑠𝑠 − 𝜃𝜃𝑟𝑟
=
(
1 + |𝛼𝛼 ⋅ 𝜑𝜑ℎ|𝑛𝑛

)−𝑚𝑚
� (2)

𝑲𝑲 = 𝑲𝑲𝑠𝑠𝑆𝑆𝑒𝑒
0.5
[
1 −

(
1 − 𝑆𝑆𝑒𝑒

1∕𝑚𝑚
)𝑚𝑚]2

⋅ 10
−𝜁𝜁𝜁𝜁𝑖𝑖� (3)

where Se is the degree of effective water saturation; θs and θr are volumetric saturated and residual water content, 
respectively; α and n are van Genuchten scale and shape parameters relating to the inverse of the air-entry pres-
sure and pore size distribution (m  =  1  −  1/n), respectively; Ks is the saturated hydraulic conductivity under 
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non-frozen conditions; ζ is an impedance factor acting as the resistance of ice content to water flow in frozen soil, 
fixed as seven in this study following Hansson et al. (2004). An empirical equation relating the local porosity 
to volumetric strain is used to describe the effect of deformation on soil porosity (e.g., Chin et al., 2000; Huang 
et al., 2022), that is 𝐴𝐴 𝐴𝐴 = 1 − (1 − 𝜙𝜙0)𝑒𝑒

−𝜀𝜀vol , where ϕ0 is the initial soil porosity under non-frozen conditions.

The equivalent vapor content can be expressed as (De Vries, 1958):

𝜃𝜃𝑣𝑣 = 𝜌𝜌𝑣𝑣
(𝜙𝜙 − 𝜃𝜃𝑤𝑤)

𝜌𝜌𝑤𝑤
= 𝜌𝜌vs𝐻𝐻𝑟𝑟

(𝜃𝜃𝑠𝑠 − 𝜃𝜃𝑤𝑤)

𝜌𝜌𝑤𝑤
� (4)

where the relative humidity is calculated as Hr  =  exp(φhMwg/RT); Mw is the molecular weight of water 
(=0.018 kg · mol −1); R is the universal gas constant (=8.341 J · mol −1 · K −1); g is the gravitational acceleration 
(m · s −2); ϕ is the porosity equal to volumetric saturated water content θs. The saturated vapor density is a function 
of temperature T (K), which is given by ρvs = exp(31.37 − 6,014.79T −1 − 7.92 × 10 −3T)T −1 × 10 −3 (kg · m −3) 
(Hillel, 1971). The vapor diffusivity in Equation 1 is calculated by the formula 𝐴𝐴 𝐴𝐴𝑣𝑣 = 𝐷𝐷𝑎𝑎𝜃𝜃

2.5
𝑔𝑔 ∕𝜃𝜃𝑠𝑠 , where θg is the 

air-filled porosity (Moldrup et al., 2000); Da is the diffusivity of water vapor in the air, and it is a function of 
temperature as Da = 2.12 × 10 −5 × (T/273.15) 2 (m 2 · s −1).

Another primary characteristic of freezing (thawing) soil is cryogenic suction Sc, which can cause significant 
movement of pore-water from warm to cold regions under uniform pressure fields (e.g., Biermans et al., 1976; 
Zheng et al., 2002). This thermally-induced driving force usually causes a jump in the migration rate of pore 
water at every degree Celsius immediately below the freezing point, which can be determined using the 
Clausius–Clapeyron relation based on equilibrium thermodynamics (Arzanfudi & Al-Khoury, 2018; Huang & 
Rudolph, 2021):

𝑆𝑆𝑐𝑐 = 𝑝𝑝𝑤𝑤 − 𝑝𝑝𝑖𝑖 = 𝑝𝑝𝑤𝑤 − 𝜌𝜌𝑖𝑖

(
𝑝𝑝𝑤𝑤

𝜌𝜌𝑤𝑤
− 𝐿𝐿𝑓𝑓 ln

𝑇𝑇

𝑇𝑇0

)
≈ −𝜌𝜌𝑖𝑖𝐿𝐿𝑓𝑓

𝑇𝑇0 − 𝑇𝑇

𝑇𝑇0

� (5)

where pw is the pore-water pressure (Pa) and pi is the ice pressure (Pa); T0 is the freezing/melting point of pure 
water (=273.15 K); Lf is the latent heat of fusion of water (=3.34 × 10 5 J · kg −1). By assuming the pressure and 
temperature are independent driving forces for the pore water flow, the average water flux (Darcy flux) through 
the soil representative elemental volume is rewritten as:

𝒖𝒖𝑤𝑤 = −𝑲𝑲 ⋅

[
∇(𝜑𝜑ℎ + 𝑧𝑧) +

𝜌𝜌𝑖𝑖𝐿𝐿𝑓𝑓

𝜌𝜌𝑤𝑤𝑔𝑔𝑔𝑔𝑓𝑓

∇𝑇𝑇

]
� (6)

where Tf is the actual freezing point depressed by the existence of dissolved solutes (see Equation 16).

2.2.2.  Heat Transfer

According to the energy conservation law and the Fourier heat transfer law based on local thermal equilib-
rium, the subsurface temperature distribution during the freeze-thaw period can be calculated using the 
advection-conduction equation, including the transient effects of latent heat of fusion that can be considered a 
source term (e.g., Tubini et al., 2021) as follows (e.g., De Vries, 1958; Zheng et al., 2002):

𝐶𝐶𝑒𝑒
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝐿𝐿𝑣𝑣

𝜕𝜕𝜕𝜕𝑣𝑣

𝜕𝜕𝜕𝜕
− 𝐿𝐿𝑓𝑓𝜌𝜌𝑖𝑖

𝜕𝜕𝜕𝜕𝑖𝑖

𝜕𝜕𝜕𝜕
= ∇ ⋅ [𝜆𝜆𝑒𝑒∇𝑇𝑇 − 𝐶𝐶𝑤𝑤𝑇𝑇𝒖𝒖𝒘𝒘 −𝐷𝐷𝑣𝑣∇𝜌𝜌𝑣𝑣 ⋅ (𝐶𝐶𝑣𝑣𝑇𝑇 + 𝐿𝐿𝑣𝑣)]� (7)

𝐶𝐶𝑒𝑒 = 𝐶𝐶𝑖𝑖𝜃𝜃𝑖𝑖 + 𝐶𝐶𝑤𝑤𝜃𝜃𝑤𝑤 + 𝐶𝐶sg𝜃𝜃sg + 𝐶𝐶𝑎𝑎𝜃𝜃𝑎𝑎� (8)

𝜆𝜆𝑒𝑒 = 𝜆𝜆𝑖𝑖
𝜃𝜃𝑖𝑖𝜆𝜆𝑤𝑤

𝜃𝜃𝑤𝑤𝜆𝜆sg
𝜃𝜃sg𝜆𝜆𝑎𝑎

𝜃𝜃𝑎𝑎� (9)

where Lv (J  · m −3) is the volumetric latent heat of vaporization of liquid water, which is given by Lv = L0ρw, 
and L0 (J · kg −3) is the latent heat of vaporization, which can be described as a function of temperature L0 = 2
.501 × 10 6 − 2,369.2 × (T − 273.15) (Hansson et al., 2004); Cw, Ci, Ca, and Csg are volumetric heat capacities 
(J · m −3 · K −1) of water, ice, air and soil grains, respectively, while λw, λi, λa, and λsg are their thermal conductivities 
(W · m −1 · K −1), respectively. The equivalent heat capacity of the soil composite Ce is expressed by the arithmetic 
mean of various constituents, while the equivalent thermal conductivity λe is calculated by using the geometric 
mean. The direct effects of the variations in deformation (small strain) and solute concentration on energy balance 
are considered minimal and therefore neglected in Equation 7.
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2.2.3.  Force Equilibrium

Assuming that the inertial terms are negligible, the conservation of momentum for small-strain deformable soil 
mixtures in the quasi-static state can be expressed as (e.g., Ingebritsen et al., 2006; Lu & Likos, 2004):

∇ ⋅ 𝝈𝝈 + 𝜌𝜌𝑏𝑏𝒈𝒈 = 0� (10)

𝜺𝜺 =
1

2

[
∇𝐮𝐮 + ∇𝐮𝐮𝑇𝑇

]
� (11)

where the tensor σ is the total stress tensor; u is the displacement vector; ρb is the soil bulk density (phase-averaged). 
Note that the stresses and strains here are consistent with the sign that the tension is positive and compres-
sion is negative. The relations between stress and strain tensors, including freezing effects, are defined by 
Hooke-Duhamel's law (e.g., Corapcioglu & Panday, 1995; Huang & Rudolph, 2021; Selvadurai & Suvorov, 2017):

𝝈𝝈 − 𝝈𝝈0 = 𝑪𝑪 ∶ (𝜺𝜺 − 𝜺𝜺0 − 𝜺𝜺th − 𝜺𝜺𝑣𝑣) − 𝑆𝑆𝑤𝑤𝛼𝛼𝑏𝑏𝑝𝑝𝑰𝑰� (12)

𝜺𝜺𝑣𝑣 =
(𝜃𝜃𝑖𝑖 + 𝜃𝜃𝑤𝑤 − 𝜙𝜙)

3

(
1 + 𝜂𝜂 1 + 𝜂𝜂 0

)𝑇𝑇

� (13)

𝜺𝜺th =
𝜔𝜔

3

[
(𝑇𝑇 − 𝑇𝑇ref ) (𝑇𝑇 − 𝑇𝑇ref ) 0

]𝑇𝑇
� (14)

where σ0 and ε0 are initial stress and strain, respectively; C is the fourth-order tensor of material stiffness; εv is the 
ice expansion strain under two-dimensional plane strain condition, where η is Poisson's ratio; εth is the thermal 
expansion strain, where ω is the thermal expansion coefficient (=1 × 10 −8 K −1). The expressions for two external 
strains indicate the equilibrium displacement and stress distribution are calculated in a two-dimensional xz-plane.

2.2.4.  Solute Transport

The governing equation describing solute (single species) advective-dispersive transport with a reaction term in 
the soil is (e.g., Kelleners, 2020; Mohammed et al., 2021):

𝜕𝜕(𝜃𝜃𝑤𝑤𝑐𝑐 + 𝜌𝜌𝑑𝑑𝐾𝐾𝑑𝑑𝑐𝑐)

𝜕𝜕𝜕𝜕
= ∇ ⋅ [𝜃𝜃𝑤𝑤𝑫𝑫mm∇𝑐𝑐 − 𝒖𝒖𝑤𝑤𝑐𝑐] + 𝜃𝜃𝑤𝑤𝑟𝑟� (15)

where c is the aqueous concentration of the solute (mol · m −3, here the dissolved tracer of interest); ρd is dry bulk 
density (kg · m −3); Kd is physical adsorption coefficient (m 3 · kg −1); Dmm is the hydrodynamic dispersion tensor 
(m 2 · s −1) defining solute spreading by molecular diffusion (D* = 5 × 10 −11 × θw, m 2 · s −1), where D* is the diffu-
sion coefficient, and mechanical dispersion through the dispersion coefficient determined by the product of the 
longitudinal/transverse dispersivity (αL/αT, m) and linear fluid velocity; r is a source/sink rate (mol · m −3 · s −1) due 
to geochemical reactions such as mineral precipitation/dissolution, ion exchange/complexation, redox reactions, 
and so on, which are not considered in this study.

2.2.5.  Soil Freezing Characteristics

The presence of solutes in unfrozen water and capillary forces can alter the freezing point of the bulk liquid. 
However, there is not yet a complete consensus regarding the suitable mathematical formulation for their relation-
ships (Williams & Smith, 1989; Zheng et al., 2002). Taking into account the freezing point depression caused by 
the elevated concentration of the solutes (solutes are excluded from the forming ice leaving the remaining liquid 
solution more concentrated during the freezing process), a simplified linear relationship is calculated as follows 
(Liu & Hu, 2017):

𝜌𝜌𝑤𝑤
𝐿𝐿𝑓𝑓

𝑇𝑇0

(𝑇𝑇𝑓𝑓 − 𝑇𝑇0) + RT0𝑐𝑐 = 0� (16)

where T0 and Tf are the freezing point of the bulk water and solutes-mixed water, respectively. R is the universal 
gas constant.

The presence of unfrozen water in frozen soil can be described by many empirical and theoretical relationships 
(e.g., Dall'Amico et al., 2011; Huang & Rudolph, 2022). The soil freezing characteristic curves introduced by 
Michalowski (1993) have been demonstrated to be flexible enough to describe the variation of the unfrozen water 
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content with subzero temperature for most soil textures (e.g., Bai et al., 2018; Lein et al., 2019), which can be 
expressed as,

𝜃𝜃𝑤𝑤 =

⎧
⎪
⎨
⎪
⎩

𝜃𝜃0, 𝑇𝑇 𝑇 𝑇𝑇𝑓𝑓

(𝜃𝜃0 − 𝜃𝜃𝑟𝑟)𝑒𝑒
𝜇𝜇(𝑇𝑇−𝑇𝑇𝑓𝑓 ) + 𝜃𝜃𝑟𝑟, 𝑇𝑇 ≤ 𝑇𝑇𝑓𝑓

� (17)

where θ0 and θr are the initial moisture content of the soil under the non-frozen status before it undergoes freez-
ing and the moisture content (residual moisture) at a low reference temperature where ice content change is 
negligible, respectively, which can be obtained from test results; μ is an empirical fitting parameter reflecting 
the transition rate and distribution shape. Following the simplified expression presented by Bai et al. (2018), θi is 
calculated from θi = (θw − θr) · (1 − Su), where Su is a normalized saturation degree of the unfrozen water, and is 
expressed as 𝐴𝐴 𝐴𝐴𝑢𝑢 = 𝑒𝑒𝜇𝜇(𝑇𝑇−𝑇𝑇𝑓𝑓 ) if T ≤ Tf, and equals 1.0 if T > Tf.

2.2.6.  Soil–Atmosphere Interface

To simulate real-world conditions as much as possible, we should consider the water-vapor fluxes (e.g., evap-
oration, precipitation) and heat fluxes (e.g., evaporative heat flux, sensible heat flux) at the interface between 
the ground surface and atmosphere when defining the top boundary conditions. The evaporation and heat fluxes 
can be calculated from the surface energy balance equation as follows (van de Griend & Owe, 1994; Šimůnek 
et al., 2018):

𝐿𝐿𝑣𝑣𝐸𝐸sf +𝐻𝐻𝑠𝑠 + 𝐺𝐺𝑠𝑠 −𝑅𝑅𝑛𝑛 = 0� (18)

where the first term is the product of the latent heat of water vaporization (Lv, J · kg −1) and the soil surface evap-
oration rate (Esf, kg · m −2 · s −1); the second term refers to the soil sensible heat flux (Hs, W · m −2); the third refers 
to the heat flux entering the ground surface (Gs, W · m −2) while the last term represents the net all-wave radiation 
(Rn, W · m −2). This equation states that all energy received at the Earth's surface is assumed to cool or warm the 
air above the ground surface (sensible heat flux), the evaporative water (latent heat flux), and the ground surface 
soil (ground heat flux). If precipitation (rainfall) is considered, the water mass flux into the soil can be expressed 
as qtop = ρwP − Esf, where P refers to the intensity of precipitation (m · s −1) (e.g., Boulet et al., 1997) and qtop is 
the water flux defined as the upper boundary condition.

The formulation used to compute evaporative flux from the bare ground surface is based on a mass transfer 
approach (Campbell, 1977; van de Griend & Owe, 1994), which is driven by the vapor density difference between 
the atmosphere and the soil surface:

𝐸𝐸sf =
𝛽𝛽sf

(
𝜌𝜌vs,𝑧𝑧0𝐻𝐻𝑟𝑟𝑟𝑟𝑟0 − 𝜌𝜌vs,𝑧𝑧ref𝐻𝐻𝑟𝑟𝑟𝑟𝑟ref

)

𝑟𝑟𝑎𝑎
� (19)

where ra is the aerodynamic resistance factor (s · m −1) and βsf is the soil resistance factor to water vapor flow; 𝐴𝐴 𝐴𝐴vs,𝑧𝑧0 
is the saturated vapor density (kg · m −3) at the soil surface z0(m); 𝐴𝐴 𝐴𝐴vs,𝑧𝑧ref is the saturated vapor density (kg · m −3) 
in the air at the reference height zref (2 m used in this study) above the ground surface where air temperature, 
air humidity, and wind speed are measured; 𝐴𝐴 𝐴𝐴𝑟𝑟𝑟𝑟𝑟0 and 𝐴𝐴 𝐴𝐴𝑟𝑟𝑟𝑟𝑟ref are the relative humidity of the atmosphere and soil 
surface, respectively. The aerodynamic resistance for water vapor flow depends on surface roughness properties 
and wind speed (Campbell, 1977) and is given by:

𝑟𝑟𝑎𝑎 =

[
ln

(
𝑧𝑧ref ,ℎ−𝑑𝑑

𝑧𝑧0ℎ

)
− 𝜓𝜓ℎ

][
ln

(
𝑧𝑧ref ,𝑚𝑚−𝑑𝑑

𝑧𝑧0𝑚𝑚

)
− 𝜓𝜓𝑚𝑚

]

𝜅𝜅2𝑢𝑢𝑎𝑎

� (20)

where κ is the von Karman constant taken as 0.378, ua is the wind speed at the reference height (m · s −1), d is the 
zero-plane displacement height (m) (0 for bare soil), z0h and z0m are the surface roughness length (0.001 m used 
in this study), zref,h and zref,m are the observational heights of specific humidity and wind speed measurement (m), 
respectively. ψh and ψm are stability correction factors depending on the atmospheric condition (0 used in this 
study). More details about these factors can be found in Campbell (1977), van de Griend & Owe (1994), and 
Zheng et al. (2002). Because soil particles can attract and adsorb water molecules, evaporation from bare ground 
experiences resistance compared to evaporation from open water. The soil surface resistance of water vapor from 
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the depth of the evaporative front to the soil surface depends on soil moisture (Merlin et al., 2016). This can be 
expressed using the linear expression βsf = (θtop − θr)/(θs − θr), where θtop is the soil moisture at the uppermost soil 
layer. The resistance factor βsf varies with subsurface pressure and soil type ranging between 0 (no evaporation 
possible) and 1 (no resistance to evaporation).

The sensible heat flux can be calculated as Hs = Ca(Ts − Ta)/ra, where Ts and Ta are the temperature of the soil 
surface and air near the ground surface, respectively. As such, the heat flux at the ground surface Gs, the upper 
thermal flux boundary of the model, can be obtained by substituting Equations 19 and 20 into Equation 18 given 
net radiation Rn. However, the inputs used to calculate Rn not only depend on measurements at the real-world field 
site but also involve many empirical parameters (e.g., van de Griend & Owe, 1994; Zheng et al., 2002). Another 
simplified way of representing the upper thermal boundary is only considering the convective heat flux (also 
known as mixed boundary or Fourier boundary), which is calculated by the following formula (e.g., Arzanfudi & 
Al-Khoury, 2018; Hansson et al., 2004; Huang et al., 2022):

𝑞𝑞𝑇𝑇 = ℎ𝑐𝑐(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎)� (21)

where hc is the convective heat transfer coefficient (W · m −2 · K −1) representing the inverse of the surface resist-
ance to heat exchange by taking into account the interfacial effect between the soil surface and air. This simplified 
formulation for heat flux across the ground surface was adopted for the current model.

2.3.  Numerical Formulation and Implementation

The governing Equations 1, 7, 12 and 15 for the four physical fields (i.e., thermal, hydraulic, mechanical, and 
concentration fields) are highly nonlinear because their relationships are strongly impacted by each other and 
coefficients (variables) vary with time and space resulting in a stiffness matrix that is not constant during the 
freeze-thaw cycles. This coupled system of governing equations along with appropriate initial and boundary 
conditions within 2D or 3D model domains can be solved by several robust numerical simulators capable of 
solving nonlinear partial differential equation systems for multiple coupled components such as OpenGeoSys, 
FEHM, and CODE-BRIGHT (e.g., Winterfeld & Wu, 2020). In the current study, a two-dimensional domain is 
implicitly solved using the finite element package COMSOL Multiphysics v5.3 (Comsol, 2017). The four govern-
ing equations for the plane strain problem can be written in the following general form,

𝑑𝑑𝑎𝑎
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ ∇ ⋅ 𝚪𝚪 = 𝑓𝑓� (22)

where U, Γ and f are dependent variables, conservative flux, and source term, respectively, and da is a damping 
or mass coefficient. By applying the backward difference for temporal discretization, the generalized solution of 
Equation 22 can be given as,

(
𝑑𝑑𝑎𝑎

𝑈𝑈
𝑗𝑗
𝜅𝜅 − 𝑈𝑈

𝑗𝑗−1
𝜅𝜅

Δ𝑡𝑡
, 𝑈𝑈

)

Ω

−

(
𝚪𝚪,∇𝑈𝑈

)

Ω

=

(
𝑓𝑓𝑓 𝑈𝑈

)

Ω

+

(
𝒏𝒏 ⋅ 𝚪𝚪, 𝑈𝑈

)

𝜕𝜕Ω
� (23)

where 𝐴𝐴 𝑈𝑈  is virtual displacement; n is the outward normal unit vector of a boundary; Ω is the calculation domain; 
∂Ω is the boundary of the calculation domain; the superscript j denotes the time step, and the subscript κ denotes 
the cell. The resulting system of linearized equations, within each Newton-Raphson iteration, is solved using the 
Parallel Sparse Direct Solver MUMPS in the fully-coupled (monolithic) approach with a relative tolerance of 
1 × 10 −6. A strict implicit backward differentiation formula adaptive time stepping is adopted, and the maximum 
time step was limited to 0.1 hr. To maintain tradeoffs between computational cost and accuracy, especially for 
examining the subtle changes in displacement and water vapor flux, a relatively fine triangular 2D mesh (maxi-
mum element size 1 × 10 −2 m and minimum element size 1 × 10 −4 m) was employed for the following numerical 
experiments. It should be noted that such fine grid spacing could be adjusted depending on the size of the real 
practical system and the nature of the state variables.

3.  Model Verification and Validation
Once the numerical model has been constructed, a confidence assessment must be performed before using it for 
predictive purposes. This model assessment can demonstrate whether the proposed formulation is capable of 
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accurately solving the coupled system of governing equations and able to reproduce the main physical processes 
that occur in the real world. It is usually conducted by comparing the calculated results with analytical solu-
tions, lab/field experimental measurements, and/or simulated results by other proprietary software (e.g., Grenier 
et al., 2018; McKenzie et al., 2007). In this study, the adopted verification strategy is based on data obtained 
through two laboratory freeze-thaw tests, in which the experimental observations and numerical simulations are 
comparably analyzed.

3.1.  Laboratory Column Experiments

Column experiments conducted by Wang et al. (2016) and Wu (2017) are used to verify this model. Sieved silica 
sand with approximately 82% of the material having a particle size distribution of 0.1∼0.25 mm and porosity 
around 0.39 was used in the Wu (2017) experiments. The upper 30 cm of a 40 cm long Plexiglas cylinder was 
uniformly packed with preconditioned fine silica sand, and the bottom 10 cm was a liquid reservoir. The whole 
cylinder was placed into a refrigerator, and the sidewalls were wrapped in 2 cm of rock wool for insulation, 
except for the top end, which remained open. A 300 mg · L −1 KNO3 solution was added to the cylinder in an 
amount that ensured the sand would remain partially saturated throughout to monitor how the nitrate migrates 
during the freezing period. Five 5TE sensors (Decagon Devices INC., USA), with a spacing interval of 5 cm, 
were placed within the column to record the soil moisture, temperature and electrical conductivity. Prior to the 
freezing experiment, the temperature within the refrigerator was set at 4°C for at least 24 hr. Once the freezing 
process was triggered, the temperature within the refrigerator was dropped to, and then kept at, around −10°C, 
and the bottom water reservoir was maintained at approximately 4°C (one-sided top-down freezing condition) or 
−10°C (two-sided freezing condition to model a permafrost situation). The freezing tests continued for 36 hr. It 
should be noted that a direct (in-situ or ex-situ) detection of the dissolved nitrate in the unfrozen soil moisture is 
extremely challenging because sampling the unfrozen water (moisture), even with a tiny volume, would severely 
disturb the thermal and hydraulic regime of the cylinder, such that nitrate concentration was inferred from the 
measured electrical conductivity. The detailed data from one of the two-sided freezing tests were used during the 
verification stage of the current research although Wu (2017) conducted a series of additional freezing tests using 
the procedures outlined above.

The procedures of Wang et al. (2016)'s column thaw consolidation experiment were also summarized by Loli 
et al. (2020). In short, preconditioned silty clay was packed into a set of cylinders of 10 cm in height and diam-
eter. The dry unit weight of soil samples was about 17.5 kN · m −3, and water content was around 0.22 leading 
to a degree of saturation of 0.6. The downward thaw consolidation of uniformly frozen (at −1°C) samples was 
triggered by periodically raising the temperature at the top plate. The cylinder was thermally insulated, and the 
bottom end was kept at −1°C. At the same time, a surcharge load of 100 kPa was applied on the top cap, and a 
drainage pipe was mounted on the pedestal of the apparatus for free draining. Displacement of the top cap and 
temperature profiles were monitored by the displacement transducer and five thermal sensors embedded in the 
wall of the plexiglass cylinder.

3.2.  Model Settings and Results

In the Wu (2017) two-sided freezing experiment used for verification purposes, the fine sand was initially unfro-
zen, and the corresponding numerical model developed to simulate the laboratory results was run to a steady state 
before freezing started. The temperature at both ends of the column was continuously controlled and monitored 
during freezing. To get a uniform frozen regime within the soil column, the corresponding numerical model 
applied to reproduce the Wang et al. (2016) test was initially run to a steady-state under a boundary temperature 
of −1.0°C. At the start of the thawing process, the upper boundary was set as a temporally varying temperature 
boundary following Ttop = 2.5 + 4sin(tπ/3) (°C, t denotes time in hours). The bottom boundary was maintained 
at a constant temperature of −1.0°C during the entire thawing process. The free-draining condition of the upper 
end was triggered by a boundary load, and cumulative consolidation at the upper boundary was measured during 
the experiment and calculated with the model. The key parameters used for simulating the freezing and thawing 
processes within these two column experiments are listed in Table 1.

Figure 2 shows a comparison of the simulated results against measured profiles of the temperature, liquid water 
(moisture) content, and nitrate concentration. The model's initial conditions agreed with the measured initial 
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temperatures and soil water contents as illustrated in Figure 2a. The Pearson correlation coefficient and Nash–
Sutcliffe coefficient are both higher than 0.98 in Table 1, indicating that the predicted values of temperature 
agree very well with the measured ones (Figure 2b). There were some minor differences between the simulated 
results and observations of the unfrozen water content (Figure 2c). However, in general, the rapid decrease of 
total water content in the freezing front is well reproduced. In terms of the nitrate concentration, the simulated 
results were not in as good agreement with the measured data, particularly at a later time, although they generally 
shared similar trends (Figure 2d). The Pearson correlation coefficient and Nash–Sutcliffe coefficient are 0.791 
and 0.535, respectively, suggesting a significant degree of deviation between the simulations and the laboratory 
measurements. These discrepancies need further examination but may be due to the uncertainty of the model 
structure, such as neglecting the influence of soil heterogeneity or preferential flow paths, and the data collection 
approach that may have involved conversion errors from electrical conductivity and the averaging characteristics 
of the probes (Wu, 2017).

Comparisons between the observed temperature profiles and deformation of the top plate from the Wang 
et al.  (2016) column test and the simulated results are presented in Figure 3. The simulated soil temperature 
profiles were in very good agreement with experimental observations (Figure  3a). The step-pattern curve of 
thaw and refreeze deformation in Figure 3b shows that the simulation results slightly deviate from the measured 
data, especially during the latter period, which might be related to the weakness of assuming a linear poroelas-
ticity for frozen soils in our numerical model. For example, the phenomenon of frost heave is insignificant in 

Figure 2.  (a) The initial temperature and initial moisture content, (b) transient temperature profiles, (c) moisture content profiles and (d) nitrate concentration profiles 
in laboratory freezing experiment (dots) by Wu (2017) compared to the corresponding numerical simulation results (lines).
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the experimental observations when the top boundary temperature is below 0°C, which shows a probability of 
non-elastic soil deformation and requires further examination. As shown in Table 1, the Pearson correlation coef-
ficient and Nash–Sutcliffe coefficient are all higher than 0.9. In general, the trends of thaw-induced deformation 
(settlement) and freeze-induced frost heave were well captured by the simulations.

Collectively, according to the acceptable agreement between the experimental data from the literature and the 
simulated profiles of temperature, water content and deformation, our proposed THM-C coupling model appears 
to reasonably represent the transient mechanisms of heat-moisture-deformation in variably-saturated freezing 
soil.

4.  Heat and Mass Transfer in Deformable Variably-Saturated Freezing Soils
Utilizing the proposed model, a numerical analysis of water and vapor flow, heat transfer, frost heave and thaw 
settlement, and solute transport during periodic freeze-thaw cycles is presented for various soil types. We exam-
ine the diurnal forcing of warm temperatures during the days (6°C) and freezing temperatures during the nights 
(−4°C) at the beginning of the winter period to predict how the different soil textures respond. The selected three 
soil textures are sand, clay and silt (i.e., USDA soil textural classification), which are typical soil types encoun-
tered in glacial terrain and shallow permafrost active layers within cold climate environments. Three typical 
soil transect profiles, each 1.0 m deep and 2 m wide, are specific for the simulations, and their parameters are 
listed in Table 2. The transect model is a two-dimensional domain along the ground surface (x) and vertical (z) 
gravity directions. The boundary and the initial conditions are determined according to the practical engineering 
conditions that would prevail in cold and semi-arid regions (e.g., Williams & Smith, 1989; Zhang et al., 2016). 
The bottom and both sides are designed as no-flow (water and solute) and roller boundaries (displacement) (see 
Figure S1 in Supporting Information S1). At the same time, the top boundary is mechanically free and driven by 
a variable heat flux (Equation 21) with a periodic changing air temperature 𝐴𝐴 𝐴𝐴𝑎𝑎 = 5 sin

(
2𝜋𝜋

24
𝑡𝑡

)
+ 1 (°C, the freeze-

thaw period is 24 hr following Yu et al., 2020) and a constant heat transfer coefficient hc = 28 W · m −2 · K −1 
(following Hansson et al., 2004). No natural external precipitation incident at the ground surface is considered 
for the scenarios, which means qtop = −Esf. Thus, only evaporation and heat flow are allowed on the top bound-
ary. The temperature at the bottom boundary is considered as groundwater temperature and kept at 1.0°C, while 
both sides are designed as heat insulating. It should be noted that although the computational system is 2D in 
this study, the processes of heat transfer, water flow and solute transport are essentially simulated as a simple 1D 
system with the adopted boundary conditions.

The initial temperature throughout the domain before the surface temperature cycling commences is 1.0°C. 
The initial water content and soil thermal properties are predicted under a gravity-drained condition with 

Figure 3.  (a) The transient temperature profiles and (b) deformation history documented during the laboratory freeze-thaw experiment (dots) by Wang et al. (2016) 
compared to the corresponding numerical simulation results (lines).
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the groundwater table set at −0.6 m (pressure head at the bottom boundary is therefore 0.4 m), as shown in 
Figures 4a–4c. The selected soil hydraulic and thermal properties against temperatures are shown in Figures 4d–4f 
and Figure S2 in Supporting Information S1. The initial concentration of tracer throughout each soil layer is a 
uniform 1.0 mmol · L −1, and no other external solute sources are included. The in-situ stress state is geostatic 
with gravity under plane-strain conditions. Before the periodic freeze-thaw action starts, all models are run to be 
at steady-state (spin-up procedures) to achieve a stable initial condition for the subsequent transient simulations. 
For model assessment and illustrative purposes, the simulation results of vertical soil profiles in the middle of the 
2D transect model domain (at x = 0 m in Figure S1 in Supporting Information S1) during a 5-day freeze-thaw 
sequence (e.g., Yu et al., 2020) are presented and analyzed. The simulation scenario designed for the numerical 
experimentation is intended to represent a short-term diurnal freezing and thawing cycle that would allow for 
the examination of the main processes occurring in seasonally frozen areas and the active layers of permafrost 
regions in a computationally efficient manner. The depth of the simulation domain was selected to capture the 
vertical variations in the subsurface when exposed to a daily freezing and thawing sequence over the 5-day 
period. Depending on the spatial and temporal scale of the problem of interest, the model can be scaled-up to 
represent the boundary conditions and time frames of interest.

Figure 5 presents the numerical results for three typical soil layers, which are initially in an unfrozen state before 
the freeze-thaw cycling starts. The temperatures imposed on the upper (transient) and lower (constant) bounda-
ries are shown in Figure 5a. When air temperature is below the freezing point, the freezing front advances down-
ward, as shown in Figure 5b. However, the period when the maximum frost depth appears does not correspond 
to the coldest air temperature but lags for a couple of hours. The advancing rate of the freezing front in the sand 
is the fastest and results in the highest maximum frost depth, followed by the clay, while the freezing front in silt 
advances the slowest, resulting in the shallowest frost depth penetration. This is due to more ice formation in the 
silt relative to the other soil types, which releases a larger amount of latent heat, which buffers the cold temper-
ature (e.g., Huang & Rudolph, 2021). In addition, there is an intense periodical fluctuation of the water table in 
the silt, a slight fluctuation of the water table in the clay, and almost no groundwater level change in the sand. 
The changing heat capacity of porous soil medium and flow velocity in space and time are shown in Figure S3 
in Supporting Information S1.

During the freezing stage, the magnitude of water table drawdown in the silt and clay soils is related to the amount 
of water that migrates upward to the unsaturated zone from the underlying saturated porous media as a result 
of the cryogenic suction process (Figure 5c). This process is illustrated by the water flux calculations shown in 

Parameter Sand Silt Clay

Hydraulic properties Ks (m · s −1) 8.25 × 10 −5 2.55 × 10 −6 5.6 × 10 −7

θs (m 3 · m −3) 0.43 0.49 0.38

θr (m 3 · m −3) 0.045 0.065 0.068

α (m −1) 14.5 0.55 0.8

n 2.68 2.32 1.09

Thermal properties λsg (W · m −1 · K −1) 5.5 3.5 1.5

Csg (J · m −3 · K −1) 2.1 × 10 6 2.3 × 10 6 2.5 × 10 6

μ (K −1) 2.0 0.6 0.2

Mechanical properties E (MPa) 5.0 2.5 1.0

η 0.3 0.3 0.3

αb 1.0 1.0 1.0

Transport properties αL (m) 0.5 0.5 0.5

αT (m) 0.05 0.05 0.05

Kd (m 3 · kg −1) 5.0 × 10 −4 5.0 × 10 −4 5.0 × 10 −4

Table 2 
The Hydraulic, Thermal, Mechanical and Chemical Properties for Three Typical Soil Textures Compiled From Carsel and 
Parrish (1988), Chung and Horton (1987), Oke (2002), Serne (2007), Williams and Smith (1989), and Zhang et al. (2016) 
(Baseline Case S0)
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Figures 7a and 8a. Freezing of the accumulated water (moisture) will expand the pore space and may result in a 
frost heave. For example, positive displacements are simulated in the upper silt layer, while negative displace-
ments are predicted in the unfrozen zone and deep part of the frozen zone (Figure 5d). This phenomenon of nega-
tive displacement has been reported by others in the past (e.g., Huang & Rudolph, 2021; Tiedje & Guo, 2011), 
and is interpreted to be due to the rapid dewatering ahead of the freezing front and an increase of soil unit weight 
in the frozen zone cause considerable frost-induced volume shrinkage. During the thawing stage, the frozen zone 
is thinned progressively as the thawing front advances until it disappears. A small part of the thawed excess pore 
water will be evaporated while the remaining fraction will infiltrate downwards under the action of gravity result-
ing in some recovery of groundwater levels (Figure 5c). The deformation in the soil profile that results from the 
freezing process gradually disappears during the thaw cycle as the released water migrates back downward (water 
loss zone) (Figures 5c and 5d).

Figure 5e shows the spatiotemporal variation of the conservative tracer concentration. It can be seen that solute 
transport from the unfrozen zone to the upper silt layer is much more significant than that in clay and sand. The 
differences in such solute transport are mainly caused by the different water fluxes in the different soil types. To 
further explore the dynamic changes that occur in the freeze-thaw zone, the temporal variations of typical state 
variables at the ground surface (z = 0.0 cm) and below the ground surface (z = −1.0 cm) within the three different 
soil layers are discussed in the following two paragraphs, respectively.

Figure 6a shows that the simulated heat flux at the ground surface of the silt soil layer exhibits the largest varia-
tions (−200∼200 W · m −2), although they all share a sinusoidal changing trend. The heat flux in the sand layer 

Figure 4.  The initial distribution of the relative degree of saturation (Se), water content (Ɵ), relative hydraulic conductivity (kr), and pressure head (hp) under a drained 
condition with the average groundwater table (GWT) depth at −0.6 m for three typical soil textural classes, sand (a), clay (b), and silt (c), respectively. Variation of the 
unfrozen water content (d), equivalent thermal conductivity (e), and equivalent heat capacity (f) with temperature for those three typical soil textures under saturated 
conditions. Parameters used for these predictions are given in Table 2.
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Figure 5.  Freeze-thaw cycling on an initially unfrozen sand (left column), clay (middle column) and silt (right column) soil layers. From top to bottom, panels are (a) 
top and bottom temperature boundary conditions, (b) thermal regime, (c) water (moisture) content evolution (arrow lines indicate the flow vector), (d) displacement 
history, and (e) tracer (conservative) concentration variation along the middle of 2D transect model domain at x = 0, respectively. The thin and thick black lines refer to 
the freezing front and groundwater table, respectively.
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is mainly controlled by heat conduction rather than advection because of the low evaporation rate, as shown in 
Figure 6b. The sand layer's evaporation rate is minimal due to its low moisture content, while the clay and silt 
share almost the same evaporation pattern. This pattern is also similar to the periodic changing of air temperature. 
Considering the ground surface deformation illustrated in Figure 6c, there is a competition between the frost 
heave above the freezing front and the frost-induced volume shrinkage (consolidation) below the freezing front 
(e.g., Figure 5d). The largest net frost heave in the silt reaches approximately 5.0 mm while the maximum settle-
ment in clay is around 1.0 mm, whose occurrences in the freezing stage need further examination. Here it should 
be noted that the magnitude of the displacement depends on soil textures and the nature of the forcing function. 
After 5 days of the diurnal freeze-thaw cycling, there is a slight amount of subsidence at the ground surface of 
the silt and clay soils, which is likely due to more significant dewatering due to evaporation from the silt and 
clay. According to Figure 6d, the solute concentration variation at the upper boundary is distinct for the three soil 
types. The largest magnitude and fluctuation occur in the silt, followed by the clay. Only minor variations are 
predicted in the sand soils. It is interesting to notice a decrease in solute concentration in the top-ground surface of 
the silt and clay layers during the thawing period. This is due to the local dilution caused by water being released 
during the thawing process that results in a lower solute concentration.

Figure 7 presents the simulation results at the location of −0.01 m (below ground surface) in the three soil layers. 
During the freezing period, the highest flux of liquid water between the unfrozen zone and the frozen zone occurs 
in the silt, followed by the clay (Figure 7a). The water flux reaches a maximum during the freezing period and 

Figure 6.  The evolution of simulated (a) heat flux, (b) evaporation rate, (c) displacement and (d) tracer concentration at the ground surface (top-end of model domain) 
for the sand, clay and silt soil layers. The gray shadow zones delineate the freezing stage and the others refer to the non-freezing period.
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Figure 7.  The evolution of simulated (a) liquid water flux, (b) vapor flux, (c) ice content and (d) volumetric strain at the location (−0.01 m) immediately below the 
ground surface in the sand, clay and silt soil layers. The gray shadow zones delineate the freezing stage and the others refer to the non-freezing period.

Figure 8.  The evolution of simulated (a) total water flux and (b) hydraulic gradient at the groundwater table in the sand, clay and silt soil layers. The gray shadow 
zones delineate the freezing stage and the others refer to the non-freezing period.
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begins to decline, reversing dramatically when the thaw period begins. The liquid water flow in the sand is negli-
gible. However, substantial vapor flow occurs in the sand (Figure 7b), while very small vapor flux occurs in the 
silt and is insignificant in the clay as a result of the high soil water contents in these two soil types. This finding 
indicates the vapor flux is non-negligible in the sand, consistent with the observations of Zhang et al. (2016) 
suggesting that water vapor can transfer water toward the freezing front in the fairly dry sand, although this 
process appears to contribute only a small percentage of ice content (Figure 7c). Figure 7c also illustrates that 
the high ice content in the silt over one freezing stage results in significant frost heave (e.g., Figures 5d and 6c) 
because of the high water flux (Figure 7a). At the same time, there is a substantial expansion of the pore space in 
the silt and slight volume shrinkage in the clay, as shown in Figure 7d.

The impacts of freeze-thaw cycling on the groundwater dynamics in different soil textures can be examined 
by comparing the pore water flow velocity and hydraulic gradient at the moving groundwater table. Figure 8a 
shows that the variation of total water flux (liquid water and vapor) at the groundwater table is similar to the 
pattern of liquid water flux at the location immediately below the ground surface in the freeze-thaw zone in 
Figure 7a, except for a short time lag during the thawing stage. In the clay layer, this lag is much more significant 
(Figure 8a). The clay and silt soils have somewhat opposite responses during the freezing and thaw stages, and 
the silt is more dynamic with much higher magnitudes of water flux and hydraulic gradient (Figure 8b). The water 
table in the sand does not respond at all as noted earlier.

5.  Analysis of the Effects of State Variables and External Drivers on Soil Freeze-Thaw 
Processes
To evaluate the influence of several key boundary conditions and state variables on soil behavior during 
freeze-thaw cycles, we conducted a series of parametric analyses based on a set of different freezing and thaw-
ing scenarios for the three soil types selected for this study. Although many factors may affect the coupled 
heat-moisture-deformation-solute transport processes during the freeze-thaw process, we conduct a single-variable 
sensitivity analysis for each scenario focusing on several of the most sensitive factors. The baseline scenario S0 
refers to the simulations in Section 4 and Table 3 lists the key details and differences between the simulation 
scenarios.

5.1.  Effect of Air Temperature

Two scenarios are designed to reflect the changes in air temperature near the ground surface, which is one of the 
crucial meteorological variables driving the freeze-thaw cycles. The sinusoidal freeze-thaw period in scenario 
S1a (2 days) is extended to be twice as long as that in the base case scenario S0 (1 day, which was the cycle period 

Scenario
FT period 

(day)
Amplitude 

(°C)
Hydraulic 

cond.
Initial GWT 

(m)
Initial conc. 
(mmol · L −1)

Dispersiv. 
(αL, m) Adsorption

S0 1.0 5.0 Ks −0.6 1.0 0.5 Yes

S1a 2.0 5.0 Ks −0.6 1.0 0.5 Yes

S1b 1.0 8.0 Ks −0.6 1.0 0.5 Yes

S2a 1.0 5.0 Ks × 5 −0.6 1.0 0.5 Yes

S2b 1.0 5.0 Ks × 0.2 −0.6 1.0 0.5 Yes

S3a 1.0 5.0 Ks −0.4 1.0 0.5 Yes

S3b 1.0 5.0 Ks −0.8 1.0 0.5 Yes

S4a 1.0 5.0 Ks −0.6 100 5.0 Yes

S4b 1.0 5.0 Ks −0.6 100 0.05 Yes

S4c 1.0 5.0 Ks −0.6 100 0.05 No

Note. FT and GWT refer to freeze-thaw and groundwater table, respectively. Because the solute concentration in S0 is 
relatively low, resulting in a very small effect on the freezing point, it can still be regarded as a baseline scenario that is barely 
impacted by the variation of solute concentration or without considering freezing point depression.

Table 3 
Key Details and Differences in Simulation Scenarios
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utilized in the model performance evaluation above). The temperature ampli-
tude is increased by 3°C (9°C during the day and −7°C at night) in scenario 
S1b for a 1-day period, as shown in Figure 9. The other model domain settings 
are kept the same as those in the baseline scenario in Section 4. As illustrated 
in Figure 10a, the greater amplitude and more extended freezing period can 
lead to a deeper freezing front for the same soil layer. Even under the more 
extreme freezing conditions, no fluctuation of the water table is observed in 
the sand, and only very minor variations are noted for the clay. The influ-
ence is much more significant in the silt. Similarly, Figure 10b shows that 
the frost-induced volume shrinkage (consolidation) ahead of the freezing 
front in clay and the frost heave above the freezing front in silt are also more 
extensive with the increasing amplitude of air temperature oscillation and the 
increasing period of freeze-thaw cycles. According to the simulated results in 
Figure 10c, the concentration profile in silt is the most sensitive to changes in 
air temperature. More specifically, the peak concentration in the silt over one 
freezing stage increases with greater amplitude and a more extended freeze-
thaw period. A similar trend is also seen in clay albeit at a much lower magni-
tude and the effect in the sand was negligible.

Figure 9.  Air temperatures with periodic varying patterns are designed as the 
top thermal boundary for scenarios S0, S1a, and S1b. The thick gray line refers 
to the bottom temperature boundary with 1°C.

Figure 10.  The effect of changing air temperature on freeze-thaw processes in the sand, clay and silt soil layers. From top to bottom panels are (a) freezing front and 
groundwater table, (b) displacement, and (c) tracer concentration evolution at the ground surface (top-end of the model domain), respectively.
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5.2.  Effect of Hydraulic Conductivity

Soil water (moisture) movement is controlled by hydraulic gradient and hydraulic conductivity. Natural varia-
tions in hydraulic conductivity can significantly affect water flow in frozen soil (e.g., Williams & Smith, 1989; 
Zheng et al., 2002). In this numerical experiment, two scenarios with different values of the intrinsic hydraulic 
conductivity were analyzed, which are five times larger K0 in scenario S2a and five times smaller K0 in scenario 
S2b in comparison to the baseline values in S0. Figure 11a illustrates that higher hydraulic conductivity values 
result in more noticeable fluctuation and depression of the groundwater table during the freeze-thaw cycles in the 
clay and silt, while the water table depth remains unchanged in the sand. This is due to the increase in the flow 
rate of soil water moving toward or away from the freezing front with higher hydraulic conductivity. As more 
soil water migrates upward to replenish the water loss zone, it may accumulate near the freezing front resulting 
in less volume shrinkage (consolidation) and more frost heave of the clay and silt soil layers during the freezing 
stage, as shown in Figure 11b. The solute transport was also impacted by the variations in hydraulic conductivity 
in Figure 11c, although no significant trend was found, and further experimental research is needed.

5.3.  Effect of Initial Groundwater Table Depth

The initial water (moisture) content distribution and groundwater table depth affect the total water storage in each 
soil layer, controlling the amount of water that can participate in the freeze-thaw processes. Because the initial 
water content is calculated by running the model to steady-state (gravity drained condition), we only need to focus 

Figure 11.  The effect of changing hydraulic conductivity on freeze-thaw processes in the sand, clay and silt soil layers. From top to bottom panels are (a) freezing front 
and groundwater table, (b) displacement, and (c) tracer concentration evolution at the ground surface (top-end of the model domain), respectively.
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on different depths of the initial groundwater table. Therefore, two additional scenarios are designed: the ground-
water level in scenarios S3a and S3b are −0.4 and −0.8 m, respectively, and the groundwater level in the base case 
S0, remains at −0.6 m. All other simulation conditions are the same as those in Section 4. Figure 12a illustrates 
the transient evolution of the freezing front and water table in three soil types. It can be seen that the penetration 
curve of the freezing front in the sand is the most sensitive to the initial depth of the groundwater table, although 
groundwater levels are flat during the entire freeze-thaw period. By contrast, there are significant fluctuations in 
the groundwater table and slight changes in the pattern of the freezing front in the silt. The shape of the freezing 
front penetration curve in clay is less sensitive to different depths of the initial water table because of the very 
low permeability and thick capillary fringe of the clay. In addition, the intensity of groundwater level oscillations 
fades with increasing water table depth in the clay soil. Figure 12b illustrates that the ice content increases slightly 
with the elevation of the initial groundwater table, likely because a higher initial groundwater table leads to higher 
initial water content in the upper vadose zone, which facilitates more water to move toward the freezing front by 
shortening its flow path. It can also be noted that when ice content is higher, it releases a greater amount of latent 
heat, slowing down the freezing front propagation.

5.4.  Effect of Solute Transport

Dissolved solutes (e.g., chloride, potassium, nitrate, etc.) in unfrozen water can affect soil freezing characteris-
tics by changing the freezing point, which in turn affects the movement of water flow and solute transport. S0 
is again considered a baseline scenario for comparison because it has a fairly low concentration throughout the 
entire simulation period indicating that heat transfer is hardly impacted by solute distribution and transport. Here 
three scenarios S4a∼S4c with higher initial and background solute concentrations (100 mol · m −3) are designed 
to analyze the effect of solute transport properties on soil freeze-thaw processes. The other simulation conditions 
are again the same as those in Section 4. The variation of solute concentration in the sand soil layer is found to be 
unremarkable because of minimal water content and little water movement in the upper vadose zone such that its 
simulation results are not displayed.

Figure 13 shows the evolution of solute concentration in the clay and silt soil layers during the freeze-thaw cycles. 
It can be seen that the spreading of the averaged concentration front is clearly illustrated in the larger dispersivity 
scenario S4a in Figure 13a. The solutes are concentrated in the residual unfrozen pore water within the frozen 
zone, but their concentrations gradually decrease during the thawing stage yet maintain a relatively high value 

Figure 12.  The effect of different initial groundwater levels on freeze-thaw processes in the sand, clay and silt soil layers. The top and bottom panels show (a) the 
freezing front and groundwater table and (b) volumetric ice content at the ground surface (top-end of the model domain), respectively.
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near the zone of the maximum frost depth. This trend becomes much more significant in the silt than in the clay 
as the dispersivity increases (Figure 13b), and no adsorption occurs (Figure 13c). The concentrated solutes in 
the upper silt soil layer will migrate downward along with the infiltration of thawed-water during the thawing 
stage, which leads to low concentration close to the ground surface. In contrast, a relatively high concentration 
still appears close to the ground surface of the clay during the thawing stage. This is because the water flux in 
the clay during the thawing stage is minimal (Figures 7a and 8b), and the evaporation rate is relatively large 
(Figure 6b). It should be noted that the solute may continue to migrate upward along with the moisture if high 
evaporation occurs during the thawing stage, which can then accumulate in the upper soil layers potentially result-
ing in topsoil salinization. In terms of the groundwater dynamics, the intensity of groundwater level fluctuation 
becomes weaker because the freezing point is depressed by the higher solute concentrations, particularly for 
scenario S4c, involving the silt soil with a lower dispersivity and no adsorption. Simultaneously, the heat transfer 
was impacted by these slight changes in freezing point, which caused small variations in deformation, although 
there is no noticeable evolution trend. It should be noted that these slight but existing variations would become 
more significant if the solute concentration in soil water had been initially increased by potential mass sources 
such as fertilizer infiltration in agricultural soil or road salt in urban areas.

6.  Model Assumptions, Limitations, and Future Considerations
As noted in the model formulation description and explanation of the simulation domain and boundary conditions, 
a series of assumptions were made to simplify the governing equations for water and vapor flow, heat transfer, 
and deformation in unsaturated freezing soil. Although these assumptions were considered physically reasonable, 
they will influence the numerical results. The shallow model domain employed for this analysis is commonly 
utilized and considered suitable for most soil profiles in seasonally frozen regions and within the upper zones of a 
permafrost active layer (e.g., Cui et al., 2020; Shoop & Bigl, 1997; Xie et al., 2021; Zheng et al., 2002). However, 
the actual depth of soil layers and local landscape features (topography/hillslope variations) could be accommo-
dated to obtain a more realistic initialization and configuration for field-scale land surface-subsurface systems 
(e.g., Elshamy et al., 2020). Although the shallow simulation domain and short simulation duration permitted 
an examination of the interaction between the integrated, physics-rich, multi-processes of interest during freeze-
thaw cycles for the purposes of the current study, the relevant model configurations would need to be adjusted 
(scaled-up) depending on the nature of the subsurface system and research objectives being considered.

The very fine grid discretization and short time steps utilized in these numerical experiments are computationally 
demanding. This fine level of discretization was utilized in order to explore the complex interactions between the 
various processes of interest associated with dynamic freeze-thaw cycles. Part of the goal of the current study was 
to more completely understand the interaction between the different inter-related processes and also to attempt to 
identify which precesses are crucial/necessary for accurate prediction of phenomena of interest at various scales. 
This would help inform improved parameterization of land surface and Earth system models applied at larger, 
more realistic scales in multiple dimensions.

In the current study, the simplifying assumptions are also adopted relative to the surface-subsurface boundary 
conditions, and a highly simplified flow system was utilized for the numerical experiments. For example, this study 
neglects possible subsurface lateral flow, surface runoff, and other mass sources/sinks (e.g., snow/rainfalls, ground-
water pumping, and irrigation). For larger-scale and longer-term simulation scenarios, these processes will need 
to be included and will be part of a subsequent study. In addition, the intermittent infiltration through the fully- or 
partially-frozen ground surface when the snow melts in the early spring or during extreme weather events (in winter, 
late spring, or late fall in cold regions) should be examined in subsequent studies. Imbibition of heavy rainfall or 
ponded water may reduce the effective stress of the soil and influence shallow soil water storage, which can signif-
icantly affect the various coupled mass transport processes in the subsurface during subsequent freeze-thaw cycles.

The soil profiles examined in this study assumed homogeneity, and the impact of heterogeneous, layered soil 
profiles with various different textures would also be of interest in subsequent work to derive conclusions 
that are more general and comprehensive (e.g., Carsel & Parrish, 1988; Chung & Horton, 1987; Williams & 
Smith, 1989). Moreover, the selected soil characteristic curve is an empirical formula, and its shape is assumed 
to be invariant with other factors such as soil suction, and mechanical and chemical variations (reactive solutes). 
Furthermore, the hysteretic behavior of the freeze-thaw cycle, vegetation dynamics, and possible occurrences of 
ice lenses (wedges) and/or excess ice are also neglected. Finally, in the case when loading/unloading actions are 
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Figure 13.  The effect of solute transport properties on the tracer concentration distribution in the clay and silt soil layers during the freeze-thaw cycles. From top 
to bottom, the panels show concentration contours of (a) larger dispersivity with adsorption (S4a), (b) smaller dispersivity with adsorption (S4b), and (c) smaller 
dispersivity without adsorption (S4c), respectively. The simulated groundwater table (magenta lines) for the baseline case S0 was also overlaid in (b) and (c) for 
comparison. The deformation was also projected on the contour plots with vertical displacements exaggerated by a factor of 5.
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taking place on the ground surface, the modeling framework presented in this paper must be supplemented with 
an appropriate constitutive component that is able to simulate non-elastic deformations.

7.  Summary and Implications
Efforts toward modeling of water (moisture)-vapor flow, thermal regime, solute migration, and deformation 
evolution in variably-saturated soil during freeze-thaw cycles have not, so far, yielded a constitutive model that 
would be accepted widely by subsurface hydrologists. The model framework presented in this work belongs to the 
category of coupled thermal-hydraulic-mechanical-chemical processes based on continuum mechanics assump-
tions, which is among the first to permit the development of a numerical model to examine the influence of soil 
freeze-thaw processes on the interaction between soil water and groundwater, frost heave and thaw settlement, 
and solute transport (and reactions) in the subsurface. The model capabilities were verified by comparing the 
simulation results to laboratory experimental observations from the published literature. The proposed THM-C 
model was utilized to simulate water and vapor flow, heat transfer, deformation, and solute transport during peri-
odic freeze-thaw cycles in three distinct soil types under partially saturated conditions, and the effects of relevant 
factors on soil behavior were analyzed. Several main points were drawn from this work, as follows:

1.	 �A bidirectional exchange occurs between groundwater in the saturated zone and soil water in the vadose zone 
during freeze-thaw cycles, which causes a similar fluctuating pattern of soil displacement and solute concen-
tration. The fluctuations of groundwater levels are most significant in the silt owing to the greater cryosuction 
compared with the low permeable clay and the low water-holding capacity sand.

2.	 �Vapor flow in the freezing sand is much more significant than that in the freezing silt or clay. The rapid dewa-
tering ahead of the freezing front causes local volume shrinkage when the freezing front propagates downward 
during the freezing stage, and this volume shrinkage is gradually recovered when the thawed water replenishes 
the water loss zone during the thawing stage.

3.	 �The transient profiles of soil moisture, temperature, displacement, and solute concentration during freeze-
thaw cycles are sensitive to the changes in amplitude and freeze-thaw period of the sinusoidal varying air 
temperature near the ground surface, the hydraulic conductivity of soil textures, and the initial groundwater 
levels. The solute is concentrated in the residual pore water within the frozen zone (due to solute exclusion 
from the ice phase). Its concentration gradually decreases with the arrival of the thawing stage, yet it maintains 
a relatively high value near the area of maximum frost penetration depth (at the end of the freezing stage).

Cyclic freeze-thaw of water or other liquids in porous media is a ubiquitous phenomenon and affects areas 
as diverse as the cryo-relevant Earth (or Mars) sciences, physics, chemistry, biology and materials sciences, 
and engineering practices. In general, our results suggest that it is essential to consider the coupled 
thermal-hydraulic-mechanical-chemical behavior when computing water and energy dynamics in the 
cryo-subsurface, especially for those small scales. In agricultural areas with a shallow groundwater table depth, 
for example, crop productivity related to the availability of soil nutrients for crops grown outside of the summer 
season (e.g., winter wheat and other cover crops) can be affected by the water-vapor exchange between the 
vadose zone and groundwater during the freeze-thaw period. The coupled modeling approach presents a potential 
research strategy with which to target poorly understood aspects of soil nutrient cycling under a changing climate.

Data Availability Statement
Experimental data sets for this research were obtained from Loli et al. (2020), Wu (2017), and Wang et al. (2016).
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