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Crystallization is generally considered as themost destructive factor of porousmaterial, but few studies have re-
ported the coupling effects among fluid flow, heat transfer, crystallization and deformation in porous media. In
this paper, the driving forces of phase transitionwere studied initially and then the crystallization kineticsmodels
were established.Moreover, constitutive relations related to saline frozen soil were discussed, and the expression
of unfrozen water content in non-equilibrium state was improved. Finally, a thermo-hydro-salt-mechanical
coupled model for fully saturated saline frozen soil with phase change was proposed. Validation of the model
is illustrated by comparisons between the simulation and experimental results. The predicted values of frost
heave, temperature and moisture distribution are consistent with the experimental data, and it is demonstrated
that the presented crystallization kinetics approach is valid for studying heat andmass transfer coupled problem
with phase change in porous media.
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1. Introduction

The issue of porous media involves mutual coupling among defor-
mation, seepage, heat transfer, mass migration and chemical reaction,
which has been recognized gradually in engineering practice. The earli-
er hydrothermal models included hydrodynamic model (Harlan, 1973;
Guymon and Luthin, 1974; Taylor and Luthin, 1978; Jame and Norum,
1980), rigid ice model (O'Neill and Miller, 1985; Sheng, 1994) and seg-
regation potential model (Konrad and Morgenstem, 1980, 1981). The
coupling of moisture and temperature can be obtained accurately
from the hydrothermal models, but the variations of stress and corre-
sponding deformation are difficult to describe. Therefore, researchers
paid more attention to thermo-hydro-mechanical coupled model. Ini-
tially, the researchers (Glipin, 1980; Hopke, 1980; Mu and Ladanyi,
1987; Nixon, 1991) took into account the impact of external loads on
the hydrothermal model, and then established their own models re-
spectively. In recent years, with the development of mixture theory,
many scholars (Fremond and Mikkola, 1991; Hartikainen and Mikkola,
1997; Lu et al., 2011) proposed the thermo-hydro-mechanical coupled
model for frozen soil based on mixture theory. This THM model can
well simulate water, temperature and stress in frozen soil, but cannot

describe the mechanism of ice crystallization. Additionally, numerous
complicated parameters limit the development and application of the
THM model.

Dissolved salt can penetrate into building materials through the po-
rous matrix and existing cracks (Derluyn, 2012). Salt crystallization in
pore spaces generated high stress on the porewalls can also causes deg-
radation of buildingmaterials (Nicolai, 2008). At present, mechanism of
salt heave for saline frozen soil is not well understood; especially the
multi-field coupled theory, involving salt crystallization and dissolution,
is inadequate. Furthermore, large number of assumptions or approxi-
mations ignored the interaction between various conditions (Niu,
2006).

Many models mentioned above only present a theoretical frame-
work, but lack corresponding numerical calculations. The others only
performed numerical simulations without appropriate experimental
verification. Therefore, providing a more complete thermo-hydro-salt-
mechanical coupled model and the corresponding experimental verifi-
cation is extremely important in theory. This paper studied the driving
forces of phase change, and then established the crystallization kinetics
models for crystal growth. Furthermore, constitutive relations related to
saline frozen soil were discussed in detail. Based on crystallization ki-
netics, a thermo-hydro-salt-mechanical coupled mathematical model
for fully saturated saline frozen soil with phase change was proposed.
Finally, experimental and numerical calculation results were used to
verify the accuracy of the model.

Cold Regions Science and Technology 133 (2017) 94–107

⁎ Corresponding author.
E-mail address: ymlai@lzb.ac.cn (Y. Lai).

http://dx.doi.org/10.1016/j.coldregions.2016.10.012
0165-232X/© 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Cold Regions Science and Technology

j ourna l homepage: www.e lsev ie r .com/ locate /co ld reg ions

http://crossmark.crossref.org/dialog/?doi=10.1016/j.coldregions.2016.10.012&domain=pdf
http://dx.doi.org/10.1016/j.coldregions.2016.10.012
mailto:ymlai@lzb.ac.cn
Journal logo
http://dx.doi.org/10.1016/j.coldregions.2016.10.012
http://www.sciencedirect.com/science/journal/0165232X
www.elsevier.com/locate/coldregions


2. Components in saturated saline frozen soil

The saline frozen soil is described as amultiphase continuous porous
medium. In saturated condition, the gaseous phase is neglected, and the
components are assumed to be comprised partly of liquid phase and
solid phase. In reality, different types of salt and salt crystal forms may
co-exist in the pore solution (Castellazzi et al., 2016). However, the
main object of study in this paper is sodium sulfate because its destruc-
tivity is larger than that of other salts. Thus, only one type of salt and salt
crystal (c)was considered, i.e.,mirabilite (Na2SO4·10H2O),whichgreat-
ly simplified this issue and established the foundation for further study
on the situation that a variety of salt and salt crystals are co-exist in the
soil. Thus, the liquid solution consists of liquid water (w) and dissolved
salt (s). Ice crystals (i) may exist in the supercooling soil. The impact of
material matrix (m) deformation onmass transfer cannot be neglected.

The total porosity, defined as the volume of voids per unit volume of
porousmedium, is denoted by n. The content of each component can be
described by apparent concentration Cα, defined as themass ofα in per
unit volume of porous medium, or by the corresponding saturation de-
gree Sα, defined as the pore volume occupied by α:

Cα ¼ θαρα ¼ nSαρα ð1Þ

where ρα is themass density ofα, and θα=nSα is volumeofα in per unit
volume of porous medium, which satisfy the following relation:

θm þ θw þ θs þ θi þ θc ¼ 1 ð2Þ

The saturation degrees of all the components satisfy:

Sw þ Ss þ Si þ Sc ¼ 1 ð3Þ

Nomenclature

A Frequency factor (−)
as, as, start Supersaturation ratio and its trigger value (−)
aw Water activity (−)
b Body force (N/m3)
c, csat Mass concentration of dissolved salt and its saturated

value (kg/m3)
ΔCp,wi Specific heat capacity difference between water and ice

(J/kg/K)
Cp,α Specific heat capacity of α-phase (J/kg/K)
Cα Apparent concentration of α-phase (kg/m3)
[D] Matrix of elastic constant (MPa)
Dsd Diffusion coefficient of dissolved salt (m2/s)
Es Compression modulus (MPa)
F(σ’, εvp) Yield function
Fs Surface force (N/m2)
Δgv Single molecule free energy decrease (J)
G Gibbs free energy (J)
ΔGcrit, ΔG0 Nucleation work, activation energy (J)
ΔGiw, ΔGsc Free energy differences of phase change (J)
Hsc, Hwc,Hwi Enthalpy differences of phase change (J/kg)
ΔmHiw

⁎ Standard molar enthalpy of ice-water (J/mol)
I Unit tensor (−)
Js, Jw Flux of dissolved salt and water (kg/m2/s)
JT Heat flux (J/m2/s)
k Boltzmann constant (J/K)
K(T) Kinetics function (s−1)
Kwi, Kiw, Ksc, Kcs Rate constants (s−1)
kint, k0 Intrinsic permeability tensor and its initial value (m2)
kint Intrinsic permeability coefficient (m2)
kr Relative permeability (−)
Lsc, Lwc, Lwi Latent heats of phase change (J/kg)
ms Molality of salt solution (mol/kg)
_mα Production rate of α-phase (kg/m3·s)
MH2O, Ms Molar mass of water and salt (kg/mol)
n, ne, n0 Porosity, effective porosity and initial porosity (−)
nm Mole number of solute (mol)
N Avogadro's number (mol−1)
pα Pressures of α-phase (Pa)
Δpiw, Δpcs Pressure difference at crystalline and amorphous in-

terface (Pa)
QT Heat sources and sinks (W/m3)
Q(σ’, εvp) Viscoplastic potential function
R Ideal gas constant (J/mol·K)
sk (k = i,w) Molar entropy of species k (J/mol·K)
Δsfc Fusion entropy per unit volume crystal (J/m3·K)
Δsiw Fusion entropy of ice-water (J/mol·K)
ST Energy variation caused by phase change
Sα Saturation degree of α-phase (W/m3)
T, ΔT Temperature and supercooling (K)
T⁎,T0⁎,ΔT0⁎ Freezing point of pore water, bulk water, and freezing

point depression (K)
Tref Reference temperature (K)
u, ux, uy, uz Displacement vector, and its component in x, y and z

direction (m)
Vc Salt crystal volume in the system (m3)
vl Absolute velocity of liquid (m/s)
vαr Relative velocity of α-phase (m)
vm, α Partial molar volume of α-phase (m3/mol)
vM, vX, vw Stoichiometric number for positive ions M, negative

ions X and molecules of water (−)
ZM+, ZX− Charges of positive ion M and negative ion X
β Linear thermal dilatation coefficient (K−1)

γsf, γsf
0 Surface tensions of solution and pure water (N/m)

γvp Viscosity parameter (1/MPa·s)
ε, ε0, εT, εvp Total,initial,thermal,viscoplastic strain(m/m)
ζ Supersaturation degree (−)
η Dynamic viscosity of fluid (Pa·s)
θw⁎ Residual unfrozen water content (m3/m3)
θα Volumetric content of α-phase (m3/m3)
κsf Curvature of solid-liquid interface (m−1)
λe Effective thermal conductivity (W/m·K)
λα Thermal conductivity of α-phase (W/m·K)
μ Chemical potential (J/mol)
ξ Experimental parameter of surface tension related to type of

salt J·kg/(m2·mol)
ρα Density of α-phase (kg/m3)
σ, σ’ Total stress and effective stress (N/m2)
σ0 Macroscopic crystallization stress (N/m2)
φ(F) Scalar function (−)
χs, χw Ratios of solute and water in solution (−)
Ω Volume of a single molecule (m3)
ω, ωsat Mass fraction of dissolved salt and its saturated value (kg/kg)

Subscripts α
c Salt crystal
i Ice
l Liquid
m Material matrix
p Pore
s Dissolved salt
w Water
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