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ABSTRACT

The freeze-thaw cycles of frozen soil could significantly affect its thermo-hydro-mechanical-chemical
(THMC) properties, causing the frost heaving and thawing settlement. The microscale essence is the
water-ice phase transition, but the microscale details are still poorly understood, especially at ultra-low
temperatures. Nuclear magnetic resonance (NMR) technology and molecular dynamics (MD) simulation
method were performed to explore the freeze-thaw behaviors of montmorillonite clay under temper-
ature of 210—293 K. Then, the water-ice phase transition, freeze-thaw hysteresis, ice nucleation mech-
anism, and surface effect of clay at an atomistic level were discussed. A classification method of different
types of unfrozen water through NMR experiment was proposed, including bulk, capillary, and bound
water. Here, it is found that: (1) the freeze-thaw process of frozen soil at the macroscale was essentially
the occurrence of ice-water phase transition at the microscale. (2) The freeze-thaw hysteresis was caused
by different growth and melting rates of ice crystals, where the ice growth/nucleation on clay surface (i.e.
freeze process) was more difficult to develop. (3) The surface effect of clay was essential for the ice
nucleation and the existence of bound water. For example, little unfrozen water still existed in unfrozen
soil even at 213 K. (4) For unsaturated frozen soil, the quasi-liquid water was an essential component of
unfrozen water that cannot be ignored. This work could provide an atomistic insight to unravel the
atomistic origin of the freeze-thaw mechanism of montmorillonite clay and complement relevant
experimental evidence.
© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

notable deformation properties, such as water absorption expan-
sion and shrinkage (Asuri and Keshavamurthy, 2016). Additionally,

Expansive soil is widely found across more than 60 countries
and regions. China has the largest percentage, covering an area of
6.0 x 10° km? (Shi et al., 2002). Expansive soil primarily consists of
highly hydrophilic clay minerals like montmorillonite, exhibiting
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the expansive soil in seasonal frozen regions is frequently subjected
to freeze-thaw and drying-wetting cycles (Zhao et al., 2021). The
temperature-driven water-ice phase transition in frozen soil can
significantly impact the water cycle, freeze-thaw behavior, and
strength of the soil (Jin et al., 2020; Nan et al., 2022; Wu et al., 2023;
Qiu et al., 2024), causing redistribution of water and solutes in
surrounding soil, changing pore structure, hydraulic/thermal con-
ductivity, and other thermo-hydro-mechanical-chemical (THMC)
properties of frozen soils (Ren et al., 2023a; Wang et al., 2023; Niu
et al., 2024), causing frost heaving and thawing settlement in cold
region engineering (Fig. 1). Therefore, the freeze-thaw process in

1674-7755/© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:20240102@wzut.edu.cn
mailto:zhengyy57@mail.sysu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jrmge.2024.11.004&domain=pdf
www.sciencedirect.com/science/journal/16747755
www.jrmge.cn
https://doi.org/10.1016/j.jrmge.2024.11.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jrmge.2024.11.004
https://doi.org/10.1016/j.jrmge.2024.11.004

P. Wei, Z.-Y. Yin, C. Yao et al.

Journal of Rock Mechanics and Geotechnical Engineering 17 (2025) 5989—6006

y Expansive soil
(Mineral particles)

Engineering characteristics

Widely distributed on
Earth and Mars

Ultra-high sensitivity:
environmental factors

Water absorption
expansion

charge

Montmorillonite in cold regions:

Freeze-thaw cycles b

soil-water-ice-air /' o
@ / temperature variation
Ultra-low temperature: ™
FressessnsorTEosnEsoEoos Ice-water phase Micro
~ Earth ! nansfomlanon essence
Artificial freezing technology |
Ammonia brine: ~ 240K i
Dry ice: ~ 194.5K ! [ Microstructure of soil ]
! Liquid nitrogen: ~ 77K 1
Mars : [ THMC properties ]
Temperature: 145- 300K :
Average surface temperature: 220K | Macro /'
S [ Enguleelmglssues ] lesponse'

Fig. 1. The freeze-thaw process of frozen soil under temperature variation.

frozen soil plays an essential role in the stability and lifespan of
infrastructure, and it contributes to the particularity and
complexity of the thermo-mechanical behavior of frozen soils. The
microscopic essence of the macroscopic freeze-thaw process in
frozen soil is the unfrozen water-ice phase transition (Mironov
et al., 2018; Pan et al., 2020; Wei et al., 2024a), while its micro-
scale details are still poorly understood. Based on the complex
surface effect of mineral particles, for example, montmorillonite
(Mt) is a major component of expansive soil or bentonite with a
surface negative charge and strong hydrophilicity properties, and is
also one of the common minerals on Earth or Mars (Du et al., 2023).
Thus, to explore the atomistic origin of the freeze-thaw process of
montmorillonite clay, a strong need remains for understanding the
Mt-water-ice interaction, and the surface effect of minerals on
water-ice phase transition at ultra-low temperature, particularly in
nano-/micro-scale.

Experiments (Svensson and Hansen, 2010; Mironov et al., 2018;
Ren et al., 2023a) and theoretical studies (Birgersson et al., 2010; Li
et al,, 2023; Wang and Hu, 2023; Li and Yin, 2024) could quantify
the unfrozen water evolution in frozen soil during the freeze-thaw
process, and obtain the soil freezing characteristic curve (SFCC), soil
thawing characteristic curve (STCC), and phase composition curves
(PCC). However, exploring the formation and fracture of hydrogen
bonds and atomic mechanisms in unfrozen water-ice phase tran-
sitions through experiments and theoretical studies remained
challenging. For example, the phase transition from water to ice
typically occurs at a critical nucleus size of ~nm, proceeding very
rapidly (ps or ns) (Matsumoto et al., 2002; Sosso et al., 2016b). Thus,
the atomistic simulation could provide invaluable insights by
elucidating the water-ice phase transition mechanism and its
intricate surface effects at the microscale, complementing experi-
mental evidence. The coarse-grained molecular dynamics (MD)
simulation method was successfully employed to explore the phase
composition behavior of nano-size pores in frozen soils (Zhang
et al., 2018), and simulate a larger time and space scale, but
ignored the electrostatic interaction between mineral and water-
ice. All-atom MD simulation method has been effectively investi-
gated the complex physio-chemistry properties of materials (Zheng
and Zaoui, 2018; Zhang et al., 2023), such as the bulk ice nucleation
process (Matsumoto et al., 2002; Bai et al., 2019) and mechanical
behavior of ice (Tulk et al., 2019; Wei et al., 2022a), and ice nucle-
ation process on mineral surface (Cox et al., 2014; Sosso et al.,
2016a,b; Zielke et al., 2016; Liang et al., 2023). Furthermore, Wei
et al. (2024a) investigated the unfrozen water and ice evolution
on the montmorillonite surface at five temperature points
(230—270 K). They suggested exploring additional temperature
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points, as well as comparing a high-purity montmorillonite sample
in an NMR experiment with a montmorillonite crystal model in an
MD simulation. However, these previous works did not unravel the
water-ice phase transition mechanism on mineral particles with
complex surface effects during the freeze-thaw process at the
microscale.

To date, the temperature range of 273—243 K in frozen soil
mechanics has been widely studied, but there is little research on
other ultra-low temperatures (Ren et al., 2023a), which exists in
some situations on Earth and Mars (Sebastian et al., 2010) (Fig. 1),
such as artificial freezing technology (~194.5 K) and average surface
temperature of Mars (~220 K). To unravel the atomistic origin of
freeze-thaw process of montmorillonite and complement relevant
experimental evidence, NMR experiment was performed to study
the unfrozen water evolution and phase composition at ultra-low
temperature (~210 K), and all-atom MD simulation method was
used to unravel their fundamental mechanism. This paper aims to
(1) reveal the water-ice phase transition mechanism on clay surface
during the freeze-thaw process; (2) explore the complex surface
effect of clay and its effect on water-ice system; (3) propose a
microstructure of frozen soil based on double layer theory; and (4)
clarify the freezing-thawing hysteresis of frozen soil.

2. Materials and methods
2.1. System setup and force field

The initial unit cell was derived from (Viani et al., 2002) for the
Wyoming-type montmorillonite model, with a chemical formula of
Nag_75(Si7.75Alp.25) (Al 5Mg0 5)020(0H)4-nH,0. After completing the
basal spacing changing and lattice substitution, (4a x 1b x 1c) Na-
montmorillonite supercell was obtained from our previous study
(Wei et al., 2022b), where cation Na* was used to compensate for
the negative charge on montmorillonite surface. Thereafter,
(8a x 7b x 2c¢) Na-montmorillonite supercell containing 4565
atoms used in this work is established, as shown in Fig. 2. On the
other hand, the unit cell of ice-Ih was derived from (Bernal and
Fowler, 1933), with a supercell containing 12,096 atoms. The ice-
vacuum interface was utilized to simulate the ice-air interface,
where this processing method was verified in previous work
(Weber et al., 2018). The initial Mt-ice system was obtained by
merging Na-montmorillonite and ice-Ih model, where the size of
whole system is 41.44 x 62.86 x 102.973 A3 (Figs. 2 and 3a).
Thereafter, Mt-water-ice system was obtained after energy mini-
mization and first equilibrium (Equi. 1) for 100 ns at 270 K (Fig. 3a).

As shown in Fig. 2, the bottom around 4 A layer of the substrate
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is fixed as an immovable layer to ensure the substrate stability including the following three parts:
without displacement, while the remaining atoms are set as a free

layer with an NVE ensemble for time integration. To control the (1) For ice-water phase transformation process, three different
temperature of the whole system, a Langevin thermostat is applied temperature ranges (i.e. 210 - 230 K, 230—270 K, 270—280 K)
to the atoms in the montmorillonite's free layer. were divided to explore the supercooling temperature and
The CLAYFF force field (Cygan et al.,, 2004) has been widely near the melting temperature states. The cooling-heating
employed in MD simulations to study various physio-chemical processes were used to simulate the freeze-thaw processes
properties of clay minerals (Yang and Zaoui, 2016; Al-Zaoari et al., of frozen soil, respectively. The temperature of whole system
2022; Liu et al., 2024), and was utilized in this work. The TIP4P/ was linearly decreased or increased with a temperature
ICE rigid water model (Abascal et al.,, 2005), controlled by the variation rate of 0.2 K/ns. During the first equilibrium (Equi.
SHAKE method, was applied to describe the water and ice system. 1) process, the temperature of whole system was kept un-
This TIP4P/ICE model has been well-validated to accurately repro- changed at a target temperature for a period of simulation
duce various properties of liquid water and different ice phases, and times. The total simulation time in this part was 900 ns.
to study the ice formation behavior on kaolinite surface (Sosso (2) For the ice nucleation mechanism on the clay surface, Mt-
et al.,, 2016a; Zielke et al., 2016). The melting temperature of this water system without ice and Mt-water-ice system were
TIP4P/ICE model was obtained as (270 + 3) K in previous MD established (see Section 3.6), and they were equilibrated at
studies (Garcia Ferndndez et al., 2006; Blazquez and Vega, 2022), 230 K for 300 ns, respectively. During the equilibrium pro-
which agreed well with the experiment value of 273 K. The total cess, the ice number, hydrogen bond structure, and total
potential energy (Eiota1) of whole system was obtained through Eq. energy of whole system were focused.
(1), and their potential parameters were displayed in Table A1 - 3. (3) For surface effect of clay to ice-water system, bulk ice and

12 6
2 . ) )
2 2 e aiq 4 4
E total = Ebond stretch + Eangle bend + Ecoutomb + Evow =Y k1 (rjj —10)"+ > _ ks <0ijk - !90) tan - d 4D ey (r_u> - <_U>
i#j y

] irj£k Tj i

water-ice systems were established (see Section 3.7), then

where ¢j; and ¢;; are calculated through the Mixing Lorentz-Ber- equilibrated at 270 K for 50 ns, respectively. These simulation
thelot's law (Frenkel and Smit, 2001) as follows: results were discussed with the case of Mt-water-ice system
after Equi. 2. Moreover, to study the interfacial interaction
o _Gi +9 (2) between montmorillonite and ice-water, steered molecular
2 dynamics (SMD) pulling along z-direction was conducted in
Mt-water-ice system (see Section 3.7) to assess the adsorp-

Ejj = \/€i€j (3) tion force.
where kj is force constants, and rq and rj; represent the equilibrium Furthermore, the calculation of physical quantities used in this
bond length as well as the distance between atoms i and j, work and their equations are shown in Appendix (Note 1),
respectively; ;. is the bond angle of hydrogen-oxygen-hydrogen, including order parameter F3, mean square displacement (MSD),

and fp represents the equilibrium bond angle; g; and g; are the radial distribution function (RDF), potential energy (Uspring) and

charges of atoms i and j, respectively; eg is the dielectric constant; ¢ work (W) of virtual spring, and potential of mean force (PMF) and

and ¢ are the size and energy parameters, respectively. pulling force (Fpuling). The Open Visualization Tool (OVITO) soft-
ware (version 3.3.5) (Stukowski, 2010) and Visual Molecular Dy-
namics (VMD) software were used for visualization.

2.2. MD simulation procedure

All MD simulations are conducted using the LAMMPS (Plimpton, 2.3. Nuclear magnetic instrument and test process

1995) code, where some setting algorithm and methods for all MD
simulations are shown in Table 1. To achieve the research objectives The principle of NMR experiment was displayed in Appendix
(Fig. 3¢) and b shows the MD simulation and experiment process, (Note 2). As shown in Fig. 4, the NMR experiment and its procedure
Table 1
Some setting algorithms and methods for all MD simulations and their purposes.

Setting algorithm and methods Purpose/parameter

Three-dimensional periodic boundary conditions Simulating the behavior of large systems and improving computational efficiency

SHAKE method for TIP4P/ICE water model Maintaining molecular structure, improving computational efficiency, and maintaining dynamic

characteristics

Velocity Verlet algorithm Integrating the motion equations

Lennard-Jones potential model, with a cut-off radius of 10 A Calculating the van der Waals interaction

PPPM/TIP4P method, with a cut-off radius of 8 A Calculating the long-range electrostatic interaction

Time step 1.0 fs
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are as follows:

(1) Sample preparation involved pure montmorillonite, charac-
terized by a melting point of 337—340 K, a density of
2.3—2.5 g/cm?, a molecular weight of 282.2, and a powdered,
layered molecular structure. The montmorillonite was
placed in a 378 K oven for 8 h to remove its natural moisture
content. Based on the designed moisture content and dry
density, a specific mass of montmorillonite and water was
measured, uniformly mixed, and pressed into a specialized
polytetrafluoroethylene mold. Care must be taken during
sample preparation to control the soil quantity and static
pressure. The mold was then placed in a saturation tank with
filter paper and permeable stone pressed on both ends for
12 h soaking. After wrapping with plastic wrap and sealing in
a bag, the sample was left to stand and saturate for 24 h to
ensure uniform water distribution throughout the soil. The
initial moisture content was measured at this point.

(2) The prepared soil sample was placed in an NMR instrument,
and a cold bath device was employed to control its temper-
ature. The freezing temperatures were set to 293 K, 283 K,
278 K, 273 K, 2729 K, 2728 K, 272.7 K, 2725 K, 272.3 K,
272K, 271K, 270K, 269 K, 268 K, 263 K, 253 K, 243 K, 233 K,
223 K, and 213 K. The temperatures from 293 K to 233 K were
controlled using the NMR's built-in cooling system, and
temperatures from 233 K to 213 K were controlled using an
ultra-low temperature freezer. Dense temperature points
were set in the phase transition region. The system was
equipped with a temperature monitoring device, and signals
were collected after reaching the target temperature and
maintained for 1 h. The temperature range for the thawing
process is the reverse.

(3) The conditions for the NMR experiment were set as follows:
Carr-Purcell-Meiboom-Gill (CPMG) RF sequence, sampling
frequency of 250 kHz, analog gain of 15,3000 echoes, echo
time of 0.15 ms, and waiting time of 1000 ms. The NMR
signals collected at the target temperatures were then
inverted and calculated to obtain the T, (transverse relaxa-
tion time) relaxation curve and peak area. The peak area is
converted to unfrozen water content using the Tice method,
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which relies on the proportional relationship between water
molecule content and NMR signal.

3. Results
3.1. Unfrozen water evolution from NMR experiment

The main findings from NMR experiment were obtained as
follows:

(1) These curves in Fig. 5a, b exhibit a single peak structure and
follow a normal distribution, indicating uniform sample
preparation with no large pores. The larger the area enclosed
by the T, curve and the horizontal axis, the higher the liquid
water content (Anderson and Tice, 1972; Ren et al., 2023a).
The unfrozen water content rises exponentially with
increasing temperature during the freeze-thaw process
(Fig. 5c), where it significantly changes during severe and
transitional phase-transition zones (Kong et al., 2020; Ren
et al, 2023b). Moreover, unfrozen water still existed
because of the strong surface effect of soil particles even at
ultra-low temperatures. More details please see Appendix
(Notes 3, 4).

(2) The freezing-thawing hysteresis characteristic curve (Tian
et al., 2014) was found in Fig. 5c because SFCC and STCC
did not overlap, forming a closed hysteresis loop. Moreover,
the freezing-thawing hysteresis characteristic curve can be
divided into four stages, which will be discussed in Section
3.2.

(3) Unfrozen water content at different temperatures can be
calculated by determining their respective area shares,
where unfrozen water content corresponds to the sum of
gravitational, capillary, and bound water (Fig. 5d). We pre-
cisely identified different types of unfrozen water at various
temperatures (see Section 3.2). At 271-273 K, the unfrozen
water content is equal to the initial water content, as the soil
remains in an unfrozen state. At 270 K, freezing of the soil
initiates, resulting in a decrease in the content of bulk,
capillary, and bound water. It is observed that gravitational
water is completely frozen at 270 K, capillary water at 268 K,
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Fig. 5. The determination of unfrozen water in frozen soil through NMR experiment. T, relaxation curve during (a) freezing and (b) thawing process. (c) Evolution of unfrozen water
with temperature under freez-thaw process (i.e. Soil Freezing Characteristic Curve (SFCC) and Soil Thawing Characteristic Curve (STCC)), where Ts. represents the metastable
undercooling temperature relative to thermodynamic equilibrium; Tg is the temperature at complete freezing of free water; and T, corresponds to the temperature at which the
residual unfrozen water content is achieved. (d) Unfrozen water content and its classification at different temperatures.

and below 263 K, only bound water remains unfrozen. Even
at 213 K, a little bound water remains.

3.2. Freezing-thawing hysteresis characteristic curve

As shown in Fig. 5c, based on the characteristics of unfrozen
water content during the freez-thaw process, the freezing-thawing
hysteresis characteristic curve can be divided into four stages:

(1) Phase I: In the freezing characteristic curve, the unfrozen
water content remains constant as temperature decreases;
while in the thawing curve, the unfrozen water content
gradually increases as the temperature rises. When the
temperature reaches the freezing point of free water, most of
the pore ice in the soil-water system melts, and the unfrozen
water content remains constant as the temperature con-
tinues to rise. In Phase I, as the temperature decreases, the
hysteresis degree of unfrozen water content in the freez-
thaw process gradually increases.

(2) Phase II: In the freezing characteristic curve, the unfrozen
water content dramatically decreases as the temperature
drops, with all free water in the soil-water system's pores
transforming into ice. Conversely, in the thawing
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characteristic curve, the unfrozen water content rapidly in-
creases as temperature rises. Ice in small- and medium-sized
pores completely melts, leaving only a small amount of ice
crystals unfrozen in large pores. In Phase II, as the temper-
ature decreases, the overall hysteresis degree of unfrozen
water content in the freez-thaw process remains stable.

(3) Phase III: During the freezing process, as the temperature
further decreases, the thin film water in the pores begins to
transform into ice, leading to a decreasing rate of unfrozen
water content with decreasing temperature. In the thawing
process, the unfrozen water content gradually increases as
temperature rises, with ice crystals in small pores completely
melting and a significant amount of ice crystals in medium to
large pores beginning to melt, causing an increased rate of
unfrozen water content with temperature. In Phase IIl, as
temperature decreases, the overall hysteresis degree of un-
frozen water content in the freez-thaw process gradually
decreases.

(4) Phase IV: In the freezing characteristic curve, gravity water
and capillary water in the soil-water system freeze entirely,
leaving only bound water unfrozen. In Phase IV, the unfrozen
water content in the freez-thaw processes is essentially
equal, and the hysteresis degree of unfrozen water content in
the freez-thaw process is approximately O.
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3.3. Classification of unfrozen water under various temperatures
through NMR experiment

In soil, water distribution can be classified into three types:
gravitational water, capillary water, and bound water. Using nuclear
magnetic resonance (NMR) technology, the T, distribution curve
reveals a threshold on the transverse relaxation time. When the
transverse relaxation time of water in the soil pores is greater than
a threshold value, the fluid is classified as capillary water. Other-
wise, it is bound water. This critical transverse relaxation time is
known as the fluid T, cutoff value, and its determination is crucial
for distinguishing water types (Chen et al., 2021). showed that
water with different pore size distributions has different transverse
relaxation times T,. Specifically, in Fig. 5a, when the temperature
ranges from 293 K to 272 K, the T, curve slightly intersects to the
left of the peak at 1.38. This intersection, termed cutoff-b, lies be-
tween gravitational water and capillary water. The point where the
T, curve intersects x-axis without further shifting is cutoff-a.
Despite the gradual decrease in pore water volume, this type of
pore water and its energy remain constant. Cutoff-a (1.2) serves as
the boundary between gravitational water and bound water.

Based on the above analysis, by calculating the T, relaxation
curve shown in Fig. 5a, we can use two cutoff values to distinguish
bulk, capillary, and bound water. However, the T, relaxation curve
only provides the distribution of these water types, without
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indicating their respective amount. To address this we correlate the
NMR signal with the unfrozen water content in the pores. By
classifying T, relaxation curves at the same temperature based on
cutoff values, we calculate the enclosed area of these curves within
a specified range of the horizontal axis.

3.4. Ice-water phase transition process in MD simulation

As shown in Fig. 6a—d, the initial Mt-ice model without water
could transform into Mt-water-ice system for 100 ns at 270 K,
where the structure of some ice molecules is destroyed under
thermo-loading. Thereafter, during the cooling (from 270 K to
230 K) process, the evolution of unfrozen water transforming into
ice is rapid in 270—258 K, and is slow in 258—230 K. During heating
(from 230 K to 270 K) process, it was opposite to the cooling pro-
cess, where the ice molecules transformed gradually into water
molecules. It indicated that the ice-water phase transformation in
frozen soil during freezing-thawing process was reversible. After
the heating-cooling process, Mt-water-ice system was further
equilibrated for 100 ns at 270 K, and its structure remained almost
unchanged (see Fig. 6¢c and d). Moreover, the ice-water phase
transition process at 210—230 K and 270—280 K were discussed in
Appendix (Note 5) and Figs. A2 and A3.

Freezing-thawing hysteresis is also found in MD simulation
(Fig. 7a), where the unfrozen water content during freezing is
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Fig. 6. Ice-water structure in whole system during 230—270 K at different stages: (a) Firstly, initial Mt-ice system equilibrates (Equi. 1) for 100 ns at 270 K. (b) Secondly, the Mt-
water-ice system is during cooling (270 - 230 K) and heating (230—270 K) process. (c) Thirdly, the whole system further equilibrates (Equi. 2) for 100 ns at 270 K. Note: For better
visual clarity, the montmorillonite system is hidden. A structure identification algorithm proposed by (Maras et al., 2016) in OVITO is applied to determine the distinction between
ice and water structure. Moreover, the time and temperature-dependent evolution of (d) the number of ice and water molecules, and (e) the order parameter (F3) in the Mt-water-
ice system are analyzed during the heating-cooling process.
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Fig. 7. Evolution of ratio of water/(water + ice) with temperature during different stages from (a) MD simulation and (b) NMR experiment, where fitting curves were obtained
fitting from 213 to 273 K. Furthermore, according to the previous studies obtained from (Tsytovich, 1975), frozen soil exhibits three main phase-transition zones: severe phase-
transition zone (269—272 K, yellow zone), transitional phase-transition zone (258—268 K, pink zone), and freezing stable zone (<258 K, blue zone).

higher than that in thawing stage (Fig. 5c). Moreover, the MD
simulated evolution of unfrozen water with temperature aligns
with NMR experimental results (Fig. 7), verifying the accuracy of
MD simulation. It was noted that NMR experiments and MD sim-
ulations both obtained the exponential functions, but their function
parameters were different due to differences in scale effect, model
and parameterization, and time scale. As shown in Fig. 8a, the Mt-
ice-water system contains two types of hydrogen bonds (HBonds)
(Wei et al., 2024a): water-water (W-W) and clay-water (C-W)
HBonds. As shown in Fig. 8b, at 230—270 K, the number of W-W
HBonds decreases with rising temperature. The higher temperature
could lead to more violent thermal fluctuations of atoms, causing
more HBonds to break. However, the number of C-W HBonds
remained unchanged all the time.

3.5. Structural and dynamical properties of ice-water and cations

3.5.1. Ice-water system

As shown in Fig. 9a, the ice-water system on clay surface can be
divided into three zones: bound water, ice, and quasi-liquid water,
where their identification and validation are determined in previ-
ous work (Wei et al, 2024a). At 230—-270 K, the maximum
displacement of atoms was conducted in a quasi-liquid water zone,
followed by a bound water zone, but the atoms in the ice zone
hardly moved (Fig. 9a and b). At 270—280 K, water molecules in
quasi-liquid water zone melt firstly, and then are gradually affected
the ice zone (Fig. 9c), where HBonds in whole system break from
top to bottom (Fig. 8c). As shown in Fig. 10a and b, MSD along x-
direction is close to that along y-direction, and they are significantly
greater than that along z-direction, reflecting that ice/water mol-
ecules in whole system move basically in horizontal direction.
Moreover, the diffusion coefficient increased with rising tempera-
ture, and the diffusion coefficient during cooling is greater than that
during heating (Fig. 10c). The dynamic properties of frozen soil are
closely related to unfrozen water content, where the higher tem-
perature leads to an increase in the unfrozen water content, causing
a higher dynamic ability (Fig. 10c and 7a).

To understand the effect of temperature changes on the struc-
tural properties of ice-water system, the Radial distribution func-
tion (RDF) of Oripgpjice-Omipap/ice and Oripapjice-Hripapjice at some
different temperatures during heating-cooling process were dis-
cussed. As shown in Fig. 11, at 230-270 K, RDF of OT]p4p/ICE—OT1p4p/[CE
and Oripapjice-Hripapjice contains many obvious peaks at long dis-
tances, showing long-range order properties, which is due to the
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ice-water system that contains numerous ice molecules. However,
at 280 K, Mt-water system without ice illustrated a short-range
order and long-range disorder properties (see Fig. 11b, d). On the
other hand, as shown in Fig. 11, the first peak value of RDF of Oryp4p,
1ce-Otipapjice and  Oripapjice-Hripapjice decreases with  increasing
temperature. Moreover, compared with other temperatures (i.e.
230 - 260 K), the number of RDF peak Oripap;ice-Otip4p;ice and Orip4py
ice-Hripapyice at 270 K and 280 K reduced, this was due to the high
temperature that the more the unfrozen water content, the lower
the spatial correlation and long-range order properties for ice-
water system.

At 210—-250 K, the relatively small thickness of bound water and
quasi-liquid water zones lead to a uniform distribution of layers in
the overall density distribution of Orpap/ice System (see Fig. 12a—c).
At 270 K and 276 K, the quasi-liquid water zone has a density of
around 1.0 g/cm? (i.e. the density of bulk water) when its thickness
increases (Fig. 12d and e). Furthermore, as shown in Fig. 12f, at
280 K, for Mt-water system without ice and based on electrical
double layer theory, the whole water layer on montmorillonite
surface could be divided into three layers as stern layer, diffuse
layer, and bulk solution. The density of stern layer was around 1.6 g/
cm?, and the density of Diffuse layer with an obvious peak rapidly
decreased, while that of bulk solution density was around 1.0 g/
cm?>. This MD result was consistent with previous MD study (Zhang
and Pei, 2021) that finds this distribution for Mt-water system in
MD simulations and experiments.

3.5.2. Cations

The space distribution evolution of cations during the heating-
cooling process is shown in Fig. 13, where the Na™ cations in Mt-
ice-water system are divided into surface and interlayer cations
(Fig. 13a). The interlayer cation between two clay sheets hardly
moved during heating and cooling process, so the surface cation
was mainly discussed in this work. As shown in Fig. 13a and b, the
displacement of surface cations at 230—270 K is relatively small,
and the surface cations mainly move in the bound water zone and
cannot move into the ice zone (Fig. 12a—e). As shown in Fig. 13c, at
270—280 K, some surface cations gradually move upwards and
away from clay surface when all ice molecules transform into water
with increasing temperature. It was noted that most cations
remained on montmorillonite surface due to its strong adsorption.
On the other hand, as shown in Fig. 13d, during cooling and Equi. 4
process, the surface cations move downwards and approach
montmorillonite surface when the temperature reduces. To sum
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up, partial surface cations could break free from the binding/
adsorption of montmorillonite, and move into free water area at a
temperature exceeding the melting point. These findings could be
inferred that ions in the frozen soil could precipitate and leave the
soil particle surface during freezing-thawing processes,
respectively.

Fig. 14 displays the MSD and diffusion coefficient of cation atoms
at different stages, where the value of MSD along three directions
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during 0—40 ns is very small, then gradually increases with rising
time from 40 ns to 200 ns. MSD along z-direction is less than that
along x- and y-direction, illustrating that the cation moves mainly
in the horizontal direction. Fig. 14b shows the diffusion coefficient
of cation at 50—200 ns is superior to that at 0—50 ns, where it is the
highest at Equi. 4 process in 270 K, corresponding to the cations
moving the montmorillonite surface downwards (Fig. 13d).
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3.6. Ice nucleation mechanism on montmorillonite surface

Freezing water into ice required a temperature below the
freezing point and the presence of crystallization nuclei, which
could be a small ice crystal, dust particles, suspended particles, and
solid surfaces. For Mt-water system, there is no ice crystals formed
during 300 ns in Equi. 5 (Fig. 15a), and the total energy of whole
system remains unchanged (Fig. 15c). Moreover, all water mole-
cules in whole system have high fluidity even at 270 K (Fig. 9d),
indicating that it is difficult to freeze. Based on previous works (Cox
et al., 2014; Sosso et al., 2016b; Zielke et al., 2016), the ice nucle-
ation may occur in Mt-water system (Fig. 15a), but it must require
more simulation time, like several milliseconds. Alternatively, we
can also reduce the size of whole system to save simulation time,
which could be conducted in next step.

For Mt-water-ice system with little ice crystals, more and more
water molecules could transfer into ice molecules (Fig. 15b—d), and
the total energy gradually decreases with rising simulation time
(Fig. 15¢). It can be inferred that the phase transition of water into
ice for Mt-water-ice system can develop as a stable Mt-water-ice
structure (Fig. 6b at 230 K) if there is enough simulation time. To
sum up, a small amount of ice crystals in whole system as crys-
tallization nuclei played a critical role in ice nucleation on mont-
morillonite surface.

3.7. Surface effect of montmorillonite to ice-water

The work of adhesion (Wjp) (Clancy and Mattice, 1999) is
defined as a work that requires two phases to separate from each
other, either a liquid-liquid or liquid-solid interface. In this work,
the work of adhesion between the water-ice system and the
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montmorillonite surface could be obtained by Wei et al. (2024a):

WAB _ (Ewater—ice + El\/ét}‘ - EMtfwater—ice (4)
where Ept-water-ices EMt: aNd Ewater-ice are the total potential energy
of the whole Mt-water-ice system, bulk montmorillonite system,
and water-ice system, respectively. A is the contact area between
montmorillonite and water-ice system.

The adsorption force between montmorillonite surface and ice-
water system comprised van der Waals and coulomb electrostatic
force. It could be measured by steered molecular dynamics (SMD)
pulling along z-direction, where the SMD simulation method was
one of the non-equilibrium MD simulations (Wei et al., 2024b,c). As
shown in Fig. 16a, a virtual spring with a stiffness coefficient of
100 N/m is employed to select rigid groups of atoms in whole
system along z-direction. The pulling force and PMF could be ob-
tained during SMD simulation process, and effectively reflect the
adsorption interaction between montmorillonite and ice-water
system.

The maximum pulling force and PMF decrease with rising
temperature (Fig. 16c and d), indicating the lower the adsorption
force and the resistance to pulling deformation for their interface. It
was noted that the evolution of pulling force, PMF, and total energy
in 280 K is different from that in other temperatures, because of the
difference in structural configuration (Fig. 16b). More water mole-
cules are adsorbed by montmorillonite surface in 280 K during the
pulling process, even showing a liquid bridge (Fig. 16b), but only
one layer of bound water remains in 210—276 K (Fig. 16a—A4). As
shown in Fig. 17, the work of adhesion of Mt-water-ice system
(approximate solid-solid interface) in 210—276 K are close, and is
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less than that of Mt-water system (solid-liquid interface) in 280 K,
showing lower adhesion for solid-solid interface. Moreover, the
interfacial interaction between montmorillonite and water-ice film
was a non-bond interaction, where the contribution of coulomb
electrostatic interaction was significantly greater than the van der
Waals interaction, illustrating that the coulomb electrostatic
interaction was the dominant. Furthermore, the surface effect of
clay was also reflected in its potential energy surface (Fig. A5),
which was significantly important in the presence of bound water
on clay surface. To further investigate the surface effect of mont-
morillonite on ice-water system, bulk ice, water-ice, Mt-water-ice
systems are established for relaxation at 270 K for 50 ns
(Fig. 18a—c). Without clay adsorption, the water-ice system
(Fig. 18b) contains more quasi-liquid water near vacuum, so it has
higher liquidity and kinetic energy (Fig. 18d and e).

4. Discussion

4.1. Ice-water phase transition mechanism during the freeze-thaw
process

The evolution of unfrozen water with temperature and their
function relationship in MD simulation and NMR experiment are
consistent, where unfrozen water increases exponentially with
rising temperature in severe and transitional phase-transition
zones, but remains unchanged in the freezing stable zone (see
Fig. 7). The accuracy of the proposed model and force field used in
MD simulation could be verified. Moreover, MD study is employed
to unravel the atomistic origin of freeze-thaw process of frozen soil,
concerning hydrogen bonds variation, which could complement
relevant experimental evidence (Fig. 5).

As shown in Fig. 19a, during thawing process, frozen soil grad-
ually absorbs external energy with rising temperature, causing the
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higher thermal fluctuations of atoms. Thus, the network of
hydrogen bonds of whole system is easily prone to breakage, and
then ice molecules gradually transits into water molecules, causing
higher unfrozen water content. Moreover, the adsorption force
between clay and water-ice system gradually reduces with rising
temperature, and the liquidity of unfrozen water and cation in
whole system increases, where a small number of cations detach
from clay's surface adsorption. However, the above case of freezing
is opposite to the thawing process.

4.2. Freezing-thawing hysteresis

The ice-water phase transformation in frozen soil during freez-
thaw process was reversible, while there is a freezing-thawing
hysteresis (see Section 3.2) at relatively high temperatures over
260 K (Fig. 5¢ and 7a), which is also found in previous works (Tian
et al., 2014). Because the freez-thaw process in frozen soil corre-
sponded to two different thermodynamic stages, due to the
different growth and melting rates of ice crystals, the water
transforming into ice during the freezing process was more difficult
than the ice transforming into water during the thawing process.
Based on this study (see Fig. 15) and previous works (Cox et al.,
2014; Sosso et al., 2016b; Zielke et al., 2016), the ice nucleation
and growth on clay surfaces usually have higher requirements, such
as nucleation time, temperature, and crystallization nuclei.

The transformation of water into ice involves two stages: the
formation of nuclei and the growth of ice crystals. When the tem-
perature of the soil rapidly decreases to the freezing point of pure
water (273 K), pore water does not freeze immediately; instead, it
requires a certain energy reserve. Before crossing the free energy
barrier, the pore water remains in a metastable state until the
temperature decreases to a certain degree, so that nuclei can form
in large quantities. As temperature further decreases, water
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molecules around nuclei larger than the critical size gather signif-
icantly, leading to rapid nucleation and ice crystal growth. Due to
the nucleation effect, at the initial stage of the freezing process, the
cooling device primarily affects the formation of nuclei in the pore
solution of the soil-water system and the growth of ice crystals. The
liquid water content remains essentially unchanged before sub-
stantial ice crystal growth occurs. Near temperatures slightly below
273 K, the unfrozen water content remains constant, and the
freezing characteristic curve in this temperature range appears as a
horizontal line. In other words, the nucleation effect delays the
decrease in unfrozen water content in the pore solution of the soil-
water system during the freezing process, maintaining the unfro-
zen water content equal to the initial water content within a certain
negative temperature range, a phenomenon known as
supercooling.

During the heating-melting process, as there is always a thin
layer of liquid water film on the pore wall surfaces of the frozen soil,
and the melting of pore ice is a gradual process that does not
require a buildup of heat to trigger. Unlike the critical
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“superheating” phenomenon observed during the freezing process,
when the temperature of the soil reaches 273 K, all the pore ice has
already melted. The melting curve shows an increase in unfrozen
water as the temperature rises throughout the negative tempera-
ture range, coinciding with the freezing curve at 273 K. Therefore,
when the temperature of the soil-water system is slightly below
273 K, the unfrozen water content during the freezing process is
significantly higher than that during the melting process, indicating
a lag in the unfrozen water content.

4.3. Surface effect of clay and phase composition of frozen soil

For unsaturated frozen soil containing air (i.e. region A), the
microstructure of water-ice on clay from inside to outside is termed
as “clay-bound water-ice-‘quasi-liquid’ water-air” (Fig. 19a). The
appearance of quasi-liquid water on ice surface is found in our MD
simulation (Fig. 9a and 6a-c)) and has been verified through ex-
periments (Furukawa et al., 1987; Smit and Bakker, 2017; Kawakami
et al,, 2020). The quasi-liquid water refers to as a thin water film
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with liquid water properties, such as certain liquidity (Fig. 9a—c)
and its density of around 1.0 g/cm? (Fig. 12d and e). Thus, for un-
saturated frozen soil, the unfrozen water included quasi-liquid
water on ice surface near air and bound water. The presence of
quasi-liquid water significantly impacted the freeze-thaw behavior,
water migration, and heat transfer characteristics of frozen soil,
which was worth further studying. For saturated frozen soil
without air (Region B) (Jin et al., 2020), divided the microstructure
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of saturated frozen soil according to an electrical double layer,
which does not contain quasi-liquid water. The ice-water phase
transition evolution in saturated clay nanopores without air was
worth exploring in future. However, for unsaturated frozen soil, we
propose a new division of microstructure of unfrozen water and ice
on clay particles (Fig. 19b).

The MD results (Fig. A2a) show that even at 210 K, there is at
least one layer of bound water adsorbed on the clay surface. This
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was due to the surface effect of the clay particles and cations, and it
is the main reason for the presence of unfrozen water in frozen soil
at ultra-low temperatures, such as 213 K (Figs. 5¢) and 193 K (Ren
et al, 2023a) in the NMR experiment. For the surface effect of
clay, it is found that coulomb electrostatic interaction is dominant,
and van der Waals interaction is relatively weak (Fig. 17). Moreover,
with rising temperature, the thickness of bound water could in-
crease to 2—3 layers (Fig. 6a—c and A3a). This is consistent with
experimental work (Anderson and Hoekstra, 1965), which reported
that 2—3 layers of liquid water (i.e. unfrozen water) existing be-
tween Wyoming bentonite layers do not freeze below 263 K by X~
ray diffractometer. Furthermore, the surface effect of clay is
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essential for formation of the bound water (Fig. 18b and c) and ice
nucleation (Fig. 15b).

4.4, NMR and MD simulations

The quantitative correlation observed between the MD simu-
lations and NMR experiments underscored the effectiveness of the
combined approach in elucidating the freeze-thaw mechanism of
montmorillonite clay. Both methods exhibited a consistent trend in
unfrozen water content with temperature, highlighting an expo-
nential increase in the severe and transitional phase-transition
zones and stability in the freezing stable zone. This agreement
could validate the accuracy of the MD simulations in capturing the
atomic-level essence of the process. Furthermore, the consistent
revelation of the freezing-thawing hysteresis phenomenon by both
methods demonstrated MD simulations' capability to capture
complex phase transition dynamics. The NMR experiments served
as an essential validation of the MD simulations, providing confi-
dence in the accuracy of the models and force fields used. Addi-
tionally, the NMR experiments offered unique insights into the
different types of unfrozen water present, which was crucial for
understanding the hydrological behavior of soil and validated the
ability of MD simulation to distinguish water phases. NMR exper-
iments provided macroscopic insights, and MD simulations offered
a detailed atomic-level view of the underlying mechanisms,
including hydrogen bond evolution, ice nucleation and growth, and
surface effects of clay minerals on water-ice interactions. The
complementary nature of these two methods could allow for a
comprehensive understanding of the freeze-thaw process across
different scales. To sum up, the combination of NMR experiments
and MD simulations could provide a robust multiscale approach to
investigating the freeze-thaw mechanism, with quantitative
agreement and unique insights from each method underscoring
the value of this integrated strategy.
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5. Conclusions

The nuclear magnetic resonance (NMR) experiment was per-
formed to study the unfrozen water evolution and phase compo-
sition in frozen soil at ultra-low temperature (~210 K), and all-atom
MD simulation method was applied to unravel their fundamental
freeze-thaw mechanism. The conclusions of this study were as
follows:

(1) The evolution of unfrozen water with temperature in MD
simulation was consistent with NMR experiment. The freeze-
thaw process of frozen soil at the macroscale was essentially
the occurrence of ice-water phase transition at the micro-
scale, where the formation and fracture of hydrogen bonds
constantly developed with temperature variation at the
atomic level.

(2) The existence of freezing-thawing hysteresis found in MD
simulations and NMR experiment was due to different
growth and melting rates of ice crystals during freeze-thaw
process, where ice growth/nucleation on clay surface
needed higher requirements, causing that the water trans-
forming into ice during the freezing process was more
difficult than the ice transforming into water during the
thawing process.

(3) A classification method of different types of unfrozen water
through NMR experiment was proposed, where the bulk,
capillary, and bound water existed in frozen soil at over 270 K
was found. Moreover, the gravitational water completely
froze at 270 K, capillary water at 268K, and only bound water
remained unfrozen below 263 K.

(4) For unsaturated frozen soil, we proposed a new division of
microstructure of unfrozen water and ice on clay particles
based on double layer theory. The unfrozen water also con-
tained quasi-liquid water, which was often overlooked in
frozen soil mechanics. For saturated frozen soil, the freeze-
thaw mechanism in saturated clay nanopores without air
will be worth exploring. On the other hand, the existence of
quasi-liquid water layers on ice surface on Mars has not yet
been determined, because of significant differences in at-
mospheric composition, pressure, and temperature between
Mars and Earth. Due to the same types of minerals, it can be
inferred that there might be a thin layer of bound water
(around 3—9 A) on minerals surface on Mars, which was
worth further exploring.
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