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Water and salt migration mechanisms are of great significance for understanding the frost heave and thaw
settlement of saline soils during freeze-thaw (F-T). In this study, unidirectional open-system F-T tests were
conducted on saturated clay specimens with various chloride salt contents to investigate water and salt migration
mechanisms. Relevant parameters, including temperature, unfrozen water content, bulk electrical conductivity,
matric suction, and water intake volume, were measured continuously during testing. Besides, the water
molecule mobility was obtained by the Nuclear Magnetic Resonance relaxometry tests to help understand the
water and salt migration mechanisms. The test results indicated that the freezing front development was highly
dependent on salt content. The matric suction gradient was found to be the driving force of water-salt migration,
which was larger in specimens with lower salt content and led to more water intake. The migration of water and
salt was asynchronous due to their different driving mechanisms during F-T. Specifically, salt migration was
affected by both convection and diffusion, while water migration was primarily driven by convection. This
phenomenon was also confirmed by the different patterns in water and salt redistributions after F-T. Meanwhile,
pore water in the frozen specimens with different salinity and the same unfrozen water content was found to
have the same water molecule mobility. Both the matric suction and water molecule mobility were dependent on
unfrozen water content but independent on salt content. However, the salt content has a significant effect on the

soil freezing point depression, which further affects the matric suction and water molecule mobility.

1. Introduction

Artificial ground freezing (AGF) is a construction technique that
circulates chilled coolant in buried pipes to freeze soils, providing water
proof and enhancing soil strength before underground excavations. AGF
is widely used in underground engineering (Braun et al., 1979; Jess-
berger, 1980; Fan and Yang, 2019) and has potential in contaminant
isolation (Wagner, 2013; Tang et al., 2019). However, the application of
AGF usually brings engineering problems such as frost heave (John,
1981; Cai et al., 2019) and thaw settlement (Morgenstern and Nixon,
1971; Chamberlain, 1981; Wang et al., 2019). Moreover, the soluble
salts, such as NaCl, widely existing in the coastal area, lower soil freezing
point (Banin and Anderson, 1974; Bing and Ma, 2011; Wan and Yang,
2020), which requires low-temperature brine to form a frozen wall with
an adequate thickness (Wallis, 1999).

The water and salt migration alters soil pore structure and its
compressibility, which are the primary causes of deformation after F-T

(Fan et al., 2019). Water migrates to the freezing front under the effect of
matric potential gradient during freezing (Wen et al., 2011; Lu et al.,
2018), while salt migrates with water driven by two mechanisms: a
convective flow of salt toward the freezing front and diffusion in the
opposite direction owing to concentration gradients (Stahli and Stadler,
1997). F-T tests in a close system revealed that the amount of water
migration from the unfrozen zone to the freezing front depends on the
initial solute concentration (Watanabe et al., 2001). Rui et al. (2019a)
reported that the migration of water and salt increased with increasing
salt concentration; the farther from the freezing front, the smaller
amount of water and salt migration during freezing. Taber (1930) first
considered the effect of water supplement on F-T tests, and further
studies by open-system F-T tests identified some phenomena different
from the closed-system F-T tests. The water and salt redistribution after
F-T cycles shows that the moisture content increased in the frozen zone
but decreased in the unfrozen zone, due to the temperature gradient and
matric potential gradient (Bing and He, 2008; Bing et al., 2015).
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Meanwhile, the ions content in the unfrozen zone rose with a decreasing
distance to the freezing front and remained almost unchanged in the
frozen zone. It is common to assume that, in the frozen zone, the water
flux is zero, and the unfrozen water content drops with decreasing
temperature (Loch and Miller, 1975). However, the water and salt
migration in frozen saline soils cannot be ignored since the soluble salt
can significantly lower the pore water freezing point and result in a
significant amount of unfrozen water content even at subfreezing tem-
peratures (Xu et al., 1995). Xiao et al. (2017) found an increase in salt
content in the frozen zone due to salt migration during freezing. Wang
et al. (2016) proposed a mass balance method to estimate the mean
values of water and solute fluxes in soils during freezing. Besides, Wan
et al. (2019) conducted laboratory tests to simulate salt transfer under
freezing conditions and examine the role of salt transport in sodium
sulfate soil.

Researchers proposed that the temperature gradient and water po-
tential gradient (defined as the sum of gravitational potential, matric
potential, and osmotic potential) were the main driving forces of water
and salt migration (Campbell, 1988; Sarsembayeva and Collins, 2017;
Zhang et al., 2019). Drotz et al. (2009) further quantified the contri-
butions of matric and osmotic potentials to the unfrozen water content
of frozen saline soils by theoretical models. Various sensing techniques
have been utilized to collect data for analyzing the water and salt
migration driving mechanisms. Lu et al. (2018) used pF meters to
measure the matric suction of frozen soils during F-T and explored its
relationship with unfrozen water content and deformation. The salt
content was found to have an insignificant impact on the matric suction
(Zhang et al., 2017¢). Additionally, Wang et al. (2018b) used Computed
Tomography images acquired during freezing experiments to demon-
strate that the inner cracks and gaps between irregular polygons pro-
vided pathways for water migrating from the unfrozen zone to the
frozen zone. The influence of initial concentration on the salt redistri-
bution was found to depend on the medium particle size (Huang et al.,
2019). Notably, electromagnetic sensors make it possible to continu-
ously monitor the water and salt migration and better characterize the F-
T process (Lundin and Johnsson, 1994; Zhang et al., 2017a; Lu et al.,
2018; Rui et al., 2019b; Kelleners, 2020). Volumetric unfrozen water
content and bulk electrical conductivity were typically measured to
analyze the variation of water and salt (Xiao and Lai, 2018).

In summary, limited investigations exist on the water and salt
migration mechanisms of saline soils during both freezing and thawing.
The objective of this study is to gain an in-depth understanding of the
water and salt migration mechanism of saline soils by continuous
monitoring during F-T. A series of unidirectional open-system F-T tests
were performed on soil specimens with various chloride salt contents.
The temperature distribution, unfrozen water content, bulk electrical
conductivity, matric suction, and water intake volume were simulta-
neously measured during the tests. The test results were analyzed to
shed light on salt contents’ influence on the water and salt migration of
saline soils. Meanwhile, Nuclear Magnetic Resonance (NMR) relaxom-
etry tests were conducted to obtain the characteristics of mineral-water
interaction to further demonstrate the water and salt migration
mechanism.

2. Materials and methods
2.1. Specimen preparation

The soil was sampled from a coastal city in east China, where clayey
soils are widely distributed. Fig. 1 shows its grain-size distribution ob-
tained by a laser particle analyzer (Microtrac S3500, USA). According to
the Standard for Soil Test Method of China (GB/T 50123-2019, 2019),
the soil specific surface area (m?/g), specific gravity (dimensionless),
liquid limit (%), plastic limit (%), and plasticity index were determined
to be 22.4, 2.7, 34.7, 21.2, and 13.5, respectively. Based on these index
properties, the soil was classified as lean clay (CL) according to the
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Fig. 1. Soil grain-size distribution for the tested soil samples.

unified soil classification system. The dominant ions in the soil are Na*/
K*, Ca®", Mg?", CI", and SO~ with contents (ion mass/dry soil mass) of
0.056%, 0.040%, 0.013%, 0.040%, and 0.096%, respectively. The in-
fluence of the Na™ and Cl~ contents on the freezing point of the original
soil was ignored due to their low concentrations.

The oven-dried soil was pulverized to yield particles smaller than 2
mm in diameter. Subsequently, the dry soils were compacted into the
mold with a diameter of 20 cm in six layers of 5.5 cm thick per layer to
achieve a certain dry density of 1.5 g/cm®. Then, the soil samples were
vacuum saturated and consolidated under 200 kPa simulating the
effective overburden pressure at about 20 m below the ground surface.
Note that the saturation media was NaCl solution with a concentration
of 0 mol/L, 0.64 mol/L, 1.32 mol/L, or 2.64 mol/L, corresponding to the
salt content (s = salt mass/dry soil mass) of 0%, 1%, 2%, or 4%,
respectively. The final specimens had a diameter of 20 cm, a height of
30 cm (+ 0.3 cm) with a dry density of 1.65 g/cm?, and the degree of
saturation was determined to be higher than 95%. It is noteworthy that
the dry density of the prepared specimens, i.e., 1.65 g/cm?, is consistent
with that of the in-situ undisturbed soils. The volumetric water content
of the prepared soil specimens was 0.416 m®/m3, corresponding to a
gravimetric water content of 25.2%. The initial freezing points (Tf) of
soil specimens were obtained through freezing point tests as shown in
Fig. 2 and identified to be —0.7 °C, —2.8 °C, —5.0 °C, or — 11.0 °C for the
specimen with a salt content of 0%, 1%, 2%, or 4%, respectively. In
addition, the preparation method of specimens for the NMR relaxometry
tests and their physical properties (such as density, moisture content,
salt content, and degree of saturation) were the same as those for the F-T
test described above, except that the NMR relaxometry test specimens
had a diameter of 2.4 cm and a height of 5.5 cm. More details of the
specific preparation procedure can be found in Liu et al. (2020a).
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Fig. 2. The cooling curves of saline soils.
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2.2. Test apparatus

Fig. 3 illustrates the custom-designed F-T test apparatus. To simulate
the freezing conditions in AGF engineering, the cold end was placed at
the bottom of the apparatus (Fan et al., 2019). In particular, seven
thermometers, two 5TE sensors, and two matric suction sensors (TEROS
21, also known as MPS-6) were installed along the sample height of this
apparatus to monitor the temperature, unfrozen water content, bulk
electrical conductivity, and matric suction during F-T. A total of seven
thermometers, evenly spaced within a height of 4.5 cm, were installed to
obtain temperature distribution along the specimen. Among them, two
thermometers, e.g., Th-2 and Th-5, coincided with the axes of the bot-
tom and top matric suction sensors, respectively. Two 5TE sensors (refer
to the insert in Fig. 3) with three-pronged probes (10.0-cm long x 3.2-
cm wide x 0.7-cm thick) were installed along the radial direction 10
cm apart to measure the unfrozen water content and bulk electrical
conductivity. In principle, the 5TE sensor applies an electromagnetic
field in the surrounding soil and measures its apparent dielectric
permittivity, which is then used to estimate the unfrozen water content
(Decagon Devices, 2010). In addition, the bulk electrical conductivity is
obtained by applying an alternating electrical current to two of the three
electrodes and measuring the resistance between them. The matric
suction sensor (9.6-cm long x 3.5-cm wide x 1.5-cm thick) has a
measuring range of —9 kPa to —100,000 kPa and an accuracy: +10% of
reading from —100 to —9 kPa (Walthert and Schleppi, 2018). Note that
the sensor was not sufficiently calibrated beyond —100 kPa, and the
absolute value of the measured results was used for analyses in this
study. Matric suction sensors and 5TE sensors were installed on opposite
sides to reduce the sensor size effects on water and salt migration. All
sensors were installed after the sample preparation by digging holes
along the specimen. Any gaps left were backfilled with the excavated
soil after inserting sensors. And the wet soil was firmly packed around
the sensing part of the matric suction sensor, i.e., the ceramic disc
(Fig. 3), before installation to ensure good surface contact. The water
supply device was a coiled tube with a diameter of 4 mm, as shown in
Fig. 3, which provided a higher measurement accuracy than a Mariotte
bottle (Zhou et al., 2014).

The characteristics of water molecule mobility were monitored by a
NMR relaxometry apparatus, a MesoMR23-060 V-I system produced by
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Niumag Corporation, China. The apparatus consists of a testing cham-
ber, a temperature-controlling system with a test temperature range
between -25 °C and 25 °C and accuracy of 0.05 °C, a radio frequency
system, and a data acquisition and analysis system.

2.3. Experimental program

Soil specimens were pre-cooled in an environmental chamber at 2 °C
for 12 h after sensor installation, allowing the ceramic disc to achieve
hydraulic equilibrium with the surrounding soil. Subsequently, the
freezing process started with the cold end set to -15 °C, the warm end set
to 2 °C, and the environmental chamber maintained at 2 °C. The soil
specimens with different initial salt contents were subjected to a freeze-
thaw cycle with a supply of NaCl solutions of the same salt concentra-
tions as the specimens. A relatively low freezing temperature (i.e.,
—15 °C) was adopted to account for the depressed freezing points of
saline soils, which is consistent with engineering practices (Wallis,
1999). The freezing process lasted for 60 h to achieve thermal equilib-
rium, which corresponded to a stabilized temperature at each moni-
toring point. The water intake volume measurement was terminated at
the end of the freezing process. The specimen was allowed to thaw by
setting the environmental chamber to 25 °C and disconnecting the
cryostats for 12 h typically. A pressure of 7 kPa was applied for coun-
teracting the friction between the specimen and its container during
thawing. The temperature, volumetric unfrozen water content, bulk
electrical conductivity, and matric suction data were recorded auto-
matically once every 3 min during F-T, and the volume of water intake
was recorded manually once every 30 min during freezing. After a F-T
cycle, the gravimetric water content and salt content were re-examined
by sampling the specimens in seven layers evenly distributed along the
specimen height. The gravimetric water content was determined by the
oven-drying method, and the NaCl content was determined by exam-
ining the solution obtained from 8 g air-dried soil diluted in 40 mL
deionized water (GB/T 50123-2019, 2019).

The NMR relaxometry test aimed to obtain the water molecule
mobility during F-T, which can help reveal the water and salt migration
mechanism. The test was conducted in soils with the same salt contents
as those in the F-T tests, and the specimens were step-cooled in the NMR
chamber for at least 4 h to ensure a uniform temperature distribution. In
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Fig. 3. Schematic of the F-T testing system and sensor installation, showing 1 - displacement transducer; 2 - loading system; 3 - inlet/outlet coolant; 4 - warm plate; 5
- specimen tube; 6 - soil specimen; 7- matric suction sensor; 8 - bronze porous disc; 9 - cold plate; 10 - water supply device; 11 - thermometer along the vertical axis of
the specimen; 12 - 5TE sensor; 13- sealing rubber ring; and 14 - environmental chamber.
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the NMR measurements, the longitudinal proton relaxation time (T7)
and the transverse proton relaxation time (T3) result from the interac-
tion between protons in the fluid and between the protons in the fluid
and the pore surface, respectively. The T;-To correlation spectra ob-
tained with the IR (Inversion Recovery)-CPMG (Carr-Purcell-Meiboom-
Gill) sequences is an effective way to characterize the pore water
molecule mobility (Tian et al., 2019a).

3. Results and analyses
3.1. Heat transfer

Temperature variation at various locations within the specimen is a
great and direct indicator of the F-T process. At the same temperature
boundary conditions (i.e., —15 °C at the cold end and 2 °C at the warm
end, or a temperature gradient of 0.57 °C/cm along the specimen
height), the temperature sequences for specimens with different salt
contents share the same pattern. For instance, Fig. 4 illustrates the
temperature change at various heights of the specimen with 4% salt
content during F-T. The three stages, i.e., pre-cooling, freezing, and
thawing, are labeled in the figure. One can see that the temperature
stabilized at the 33rd hour until thawing started at the 72nd hour. And
thawing occurred much faster than unidirectional freezing due to heat
transfer in all directions.

The location of the freezing front is important as it serves as the
boundary separating the frozen zone from the unfrozen zone. At the
thermal equilibrium state, the freezing front was located according to
the freezing point of an individual specimen (refer to Fig. 2) by linear
interpolation of the measured temperature distribution. Previous studies
showed that the temperature distribution during unidirectional freezing
was linear in the section close to the cold end and curve-linear near the
warm end at the unsteady state (Zhang et al., 2017b; Zhang et al., 2018).
Therefore, the location of the freezing front at the unsteady state was
also determined by linear interpolation due to its proximity to the cold
end in the early stage of freezing. Fig. 5 illustrates the evolution of the
freezing front location, i.e., distance from the cold end (Hp), with time.
Hp is also the same as the frozen zone height in this case. One can see that
the freezing front moved faster at the beginning of freezing and then
gradually reached a plateau (i.e., thermal equilibrium) at the end of the
freezing process. In the fast-moving stage, the freezing front of speci-
mens with a higher salt content moved slower than that with lower salt
content, due to the freezing point depression induced by salt. In the
steady stage, the final location of the freezing front depended on salt
content, and the soil specimen with a lower salt content had a freezing
front farther away from the cold end. Moreover, salt migrated with
water toward the cold end, and was repelled from ice during pore water
freezing. Therefore, the salt concentration increases near the freezing
front, which further restrained its upward movement.
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Fig. 4. Temperature vs. time during freeze-thaw of soil specimen with 4%
salt content.
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Fig. 5. Evolution of the freezing front with time for specimens with different
salt contents.

3.2. Water and salt migration

The pore water molecule mobility measured by the NMR relaxom-
etry was used to characterize the mineral-water interaction, which
played an important role in water and salt migration. The volumetric
unfrozen water content (6,), bulk electrical conductivity (op), and matric
suction () were obtained in the unidirectional open-system F-T tests.
The 6, was calculated based on the measured apparent dielectric
permittivity according to the equation proposed in Liu et al. (2020b) and
used to investigate water migration. Meanwhile, the o, was directly
utilized to characterize salt migration. In addition, the y, was measured
to help analyze the driving force of water and salt migration.

3.2.1. Water molecule mobility

As shown in Fig. 6, results obtained from specimens of two salt
contents at four temperatures were selected to illustrate the represen-
tative stages of the T;-T5 correlation spectra during F-T and the impact of
temperature and salt content. Specifically, four temperatures were
picked, as indicated in Fig. 6, including a temperature above T, two
lower than Tr with decreasing unfrozen water content during freezing,
and one during thawing. Notably, one temperature below freezing point
from each specimen (e.g., —3.5 °C of 1% salt content and —7.2 °C of 2%
salt content) was chosen so that similar unfrozen water contents were
present to analyze the effect of temperature and salt content on the
water molecule mobility. The T;/T, ratio is a characteristic parameter
accounting for molecule mobility (Tian et al., 2019a; Tian et al., 2019b),
which can be used to explain the water-salt migration mechanism. The
Bloembergen-Purcell-Pound (BPP) model suggests that the free water
molecule undergoing isotropic molecular tumbling without interacting
with a solid surface exhibits a T;/T5 ratio of 1.0, whereas the T;/T- ratio
exceeding 1.0 indicates decreased water mobility due to the water-solid
interaction (Bloembergen et al., 1948). Notably, the T;-T5 correlation
spectra in Fig. 6 show a single peak (yellow spectrum indicated the peak
value), while the spectra in Ohkubo et al. (2016) and Tian et al. (2019a)
had two peaks. The differences are possibly due to soil specimen prep-
aration methods. Two peaks in the spectra in the cited references
demonstrated two distinct environments for the pore water, which was
likely caused by the layer-by-layer compaction method adopted for
specimen preparation. Only one peak was revealed in this study, indi-
cating a consistent pore water environment afforded by the uniform
pore structure resulted from specimens prepared by the consolidation
method.

The T1/T, ratio generally increased with decreasing temperature
below T¢ during freezing and decreased with increasing temperature
until it was completely thawed during thawing. It indicated that T;/T>
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ratio was dependent on 6,, instead of temperature. The larger T;/T>
ratio at temperatures lower than Tr demonstrated significantly lower
water molecule mobility at lower 6,, which caused less water-salt
migration. From Fig. 6a and e, one can see that the peak T;/T; ratios
of soil specimens with different salt contents were about the same and
close to 10. This result indicated the T,/T> ratio was independent of salt
content at an unfrozen state. In the frozen state, by comparing Fig. 6b
with f, the peak T7/T5 ratios for both specimens were found to be around
1000. As presented in Liu et al. (2020b), the 6, was 0.326 m%/m® at
—3.5 °C in 1% salt content and 0.331 m%/m® at —7.2 °C in 2% salt
content. It revealed that pore water in soil specimens with the same 6,
had the same pore water molecule mobility regardless of salt content,
consistent with the findings in Ohkubo et al. (2016) and Tian et al.
(2019b). In other words, the existing soluble salt was not directly related
to the water molecule mobility. Rather, it lowered the freezing point,
hence influencing the unfrozen water content and then the water
molecule mobility during F-T.

3.2.2. Unfrozen water content and bulk electrical conductivity

Continuous monitoring of 8, and op helps reveal water and salt
migration during F-T. Fig. 7 shows the variation of measured 6y, oy, and
temperature for specimens with different salt contents at two sensor
locations (i.e., bottom and top) in the unidirectional open-system F-T
tests. Notably, for thermal couples shown in Fig. 3, the bottom sensor
refers to Th-2, and the top sensor refers to Th-5. As indicated by the
temperature data in relation to the freezing point of each specimen, the
freezing front reached and passed both the bottom and top 5TE sensors
in specimens with 0% and 1% salt content, while it only passed or
approached the bottom sensors in specimens with 2% or 4% salt content.
From the soil specimen with no salt in Fig. 7a and i, one can see that 8,
decreased rapidly once the freezing front arrived at the bottom sensor
and then gradually dropped and became almost constant, as the freezing
front moved upward until the specimen started to thaw. This trend can
also be noticed in the 6, at the top sensor, except that the gradual
decrease lasted through the rest of the freezing. Since more 6, existed at
relatively high subfreezing temperatures, leaving more channels for
water and salt migration. This phenomenon can also be identified in
saline soil specimens. For the specimens with various salt contents
(Figs. 7b, ¢, and d), the measured 6, values at both the bottom or top
sensors increased with increasing salt content in the thermal equilibrium
state. For example, 0, measured by the bottom sensor increased from
0.017 m*/m?® to 0.093 m®*/m?, 0.152 m®/m?, and then 0.405 m*®/m>
when the salt content of specimens rose from 0% to 1%, 2%, and 4%,
respectively.

Monitoring of unfrozen water content during F-T revealed water
migration patterns. One can easily observe that 6, at both the bottom
and top sensors increased after F-T for all but the specimen with 4% salt
content. The increase in 6, occurred for the specimen without salt, from
0.406 m>/m® to 0.427 m®/m? or with an increasing amplitude of 5.2% at
the bottom sensor. It indicated a significant amount of water migration
during F-T. The variation of 6, measured in the unfrozen zone, including
the top sensor for 2% salt content and both sensors for 4% salt content,
directly demonstrated the water migration process during F-T. As
illustrated in Fig. 7c, one can see from the #, measured by the top sensor
that the water content increased by 0.016 m®/m? after a F-T cycle. It is
shown that water from the warmer end and supplied water migrated
toward the freezing front, and the outgoing water flux was less than the
incoming water flux. However, the 6, for the specimen with 4% salt
content was almost unchanged at the bottom sensor, and that at the top
sensor decreased by 0.009 m®/m®. This result figured out that the out-
going water flux was the same as the incoming at the bottom sensor at
the location close to the freezing front. In contrast, unbalanced water
fluxes were identified at the top due to the fact that it was far from the
freezing front, and the convection was dominant. In the following sec-
tion, the driving force of the convection will be further discussed.

The variation of o}, of soil specimens with different salt contents
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during F-T shown in Fig. 7f through h helps understand the salt migra-
tion. Note that the o}, of soil specimen with no salt was illustrated to
demonstrate to high sensitivity of 5TE sensors (Fig. 7e). This study
assumed that no crystallization of NaCl occurred since the temperature
was above -15 °C (Xu et al., 1995). The initial o}, values measured at the
bottom and top sensors were very close, confirming uniform salt dis-
tribution within the prepared soil specimens. Moreover, the initial oy,
increased with increasing salt content. Specifically, it increased from
around 0.5 dS/m to 8.6 dS/m, 15.2 dS/m, and then 24.5 dS/m when the
salt content increased from 0% to 1%, 2%, and 4%, respectively.
Comparing the variation of o}, with 6, for the specimen with 1% salt
content (Fig. 7b and f), one can see that the o}, and 6, at the bottom
varied synchronously, whereas o}, decreased earlier than 6, at the top.
This phenomenon was caused as the pore water at the bottom quickly
froze, resulting in the simultaneous change of both unfrozen water
content and bulk electric conductivity. However, the pore water vis-
cosity increased when the top portion of the specimen gradually cooled,
but the temperature remained above the freezing point. Therefore, a
gradual decrease in o}, was identified while the 6, stilled remained
unchanged.

At subfreezing temperatures, one might expect the measured oy, to
increase since the salt concentration increased due to decreased 6.
However, the opposite occurred, as the conductivity pathways were
blocked by ice crystals (Liu et al., 2020b). The variation of o, was
different from that of 6, during thawing, too. For example, o}, of the
specimen with 1% salt content increased quickly and then decreased
slightly, as shown in Fig. 7f. This can be explained as follows: at the
onset of thawing, more conductivity pathways were created with an
increasing 6, as ice crystals melted to allow the pathway to reconnect,
leading to an increase in op. When 6, reached a threshold, the increasing
6, began to dilute the salt concentration, resulting in a slight decrease in
op. More importantly, the variation of o, in the unfrozen zone can also
help understand salt migration. For instance, as depicted in Fig. 7g, the
change in the o, at the top sensor for the soil specimen with 2% salt
content was negligible. It demonstrated that the salt flux was almost
equal between the incoming and outcoming salt migrations under the
coupling effect of convection and diffusion.

Pore water and salt redistribution were examined by sampling and
tested after F-T. Fig. 8a illustrates the volumetric water content (6)
redistribution of soil specimens with different salt contents. The results
were calculated by multiplying the gravimetric water content (w) ob-
tained by the oven-dry method with the specimen’s dry density (pq) and
assuming a 100% degree of saturation. Moreover, the bottom and top
sensors’ locations and the final freezing front were also plotted in the
figure to facilitate discussion. The pq values after F-T were determined
between 1.54 g/cm® and 1.64 g/cm®, which were slightly less than the
initial one (e.g., 1.65 g/cm®) due to water inflow during F-T. The change
in water content (A8) was calculated as the absolute difference between
the water contents before and after F-T. It can be seen that the 6 values in
both frozen and unfrozen zones increased for all but 4% salt content
after F-T. The increase ranged from 0.005 m3/m> to 0.02 m®/m?® at
different heights, which agreed with and confirmed the reliability of the
5TE measured results. This observation can be explained by the fact that
moisture migration still occurs within the frozen zone during freezing
due to the much higher unfrozen water content than non-saline soil (e.g.,
0.093 m®/m?® and 0.152 m®/m3 for the salt content of 1%, 2% compared
with 0.017 m3/m? for non-saline specimen at thermal equilibrium). The
maximum increase occurred near the final freezing front, and the in-
creases were more uniformly distributed among the entire specimen
than reported for non-saline soils (Fan et al., 2019). The 6 of 4% salt
content decreased in the unfrozen zone and increased slightly in the
frozen zone after F-T, as shown in Fig. 8a, which was consistent with the
results presented in Fig. 7d, and the possible reason was also discussed
previously.

The salt redistribution, as illustrated in Fig. 8b, was consistent with
the measured oy, in Fig. 7f-h and supplied data for other locations. Take
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Fig. 8. Illustration of (a) water and (b) salt redistribution due to F-T for specimens with different salt contents. Note that the locations of the final freezing front, 5TE

and matric suction sensors were shown for reference.

2% salt content as an example. The salt content at 6.6 cm from the cold
plate increased slightly (refer to Fig. 8b), which agreed well with a slight
increase in the o} after F-T at the bottom sensor shown in Fig. 7g. In
contrast, the salt content at 20 cm from the cold plate did not change
(Fig. 8b), which corresponded well with the almost constant oy
throughout the entire F-T at the top sensor (Fig. 7g). Due to the coupling
effect of convection and diffusion on salt migration, one can see a more
complex salt redistribution pattern (Fig. 8a) than water content redis-
tribution (Fig. 8b) after F-T. The salt content generally peaked near the
finial freezing front except for the 1% salt content and dropped to reach
the minimum at a certain distance above the freezing front, since the salt
migration with water toward the freezing front due to convection
dominated other factors. No such drop in the salt content occurred in the
specimen with 1% salt content, likely due to an ample supply of NaCl
solution to the zones above the freezing front close to the water supply.
Additionally, salt was also able to migrate in the frozen zone toward the
cold end via the relatively thick unfrozen water film in saline soils (Xiao
et al., 2017; Hou et al., 2020). This observation is consistent with that
from Baker and Osterkamp (1989), which observed an increase in the
solvent in the frozen zone with a relatively high freezing rate (larger
than 10 mm/day). The different patterns in the redistributed water
content and salt content can be attributed to the complicated mechanism
of salt migration, including convection and diffusion, compared with
only one primary mechanism, i.e., convection, in water migration.
Understanding the relationship between 6, and o}, offers potential for
in-situ monitoring of freezing and thawing. Fig. 9 depicts the relation-
ship between 6, and o1, of specimens with 1% and 2% salt contents at the
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Fig. 9. Unfrozen water content vs. bulk electrical conductivity for specimens
with different salt contents detected at the bottom sensor during F-T: (a) 1% salt
content and (b) 2% salt content.

bottom sensor during F-T. Note that the measured oy, or 6, at other salt
content or sensor locations only varied in a small range and was there-
fore not shown for clarity. The hysteresis phenomena can be observed in
Fig. 9, indicating that the thermal path impact on the relationship be-
tween o}, and 6. One can see in Fig. 9b that o}, decreased even though the
6y stay at 0.416 m®/m3, possibly due to reduced viscosity of pore water
with a decreasing temperature during initial cooling. o}, fell with a
decreasing 6, in the following freezing process. Specifically, 6,
decreased due to phase change from pore water to ice during freezing,
resulting in fewer conducting pathways and hence a decrease in o, (Tang
et al., 2020; Liu et al., 2020b). Once thawed, o}, increased with an
increasing 0, and then changed far less. As the temperature rose during
thawing, 6, increased due to phase change from pore ice to water,
forming more conducting channels and hence increasing op. When most
of the channels were connected, oy, firstly reached a plateau and then
varied due to more water-salt migration when 6, kept increasing. The
range of the unfrozen water content in which the o}, remained constant
was larger for the specimen of 1% salt content than 2%. At the end of
thawing, both 6, and o}, increased compared with their initial values due
to water and salt migration.

3.2.3. Matric suction

Investigation on the matric suction helps understand the driving
force of water-salt migration. Fig. 10 shows the variation of yy, and
temperature with time for specimens with different salt contents during
F-T. Due to the large size of the matric suction sensor, the measured
matric suction values represented the average within the area of 3.5 cm
diameter that was directly in touch with the circular ceramic disc, as
depicted in Fig. 3. From the data measured by the bottom matric suction
sensor in the soil specimen with no salt shown in Fig. 10a, one can see
that the yy, was minimal (around 13 kPa) before the freezing front
arrived at the sensor; afterward, it increased substantially and reached
to a peak value of 6006 kPa during freezing and dropped quickly to
around 10 kPa during thawing. A similar trend can be observed from the
results obtained at the top sensor. The maximum y,, measured by the
top sensor was around 1500 kPa. The large difference in the matric
suctions between different heights drove water and salt migration to the
cold end. For all other soil specimens with different salt contents, as
shown in Figs. 10b through d, the initial y, values were around 10 kPa,
indicating that y,, was relatively insensitive to salt content. This
observation agrees with the finding of previous studies (e.g., Sun et al.,
2013; Zhang et al., 2017c). However, the maximum values of yp,
measured by the bottom or top sensors in the frozen zone decreased with
increasing salt content due to the different 6, values.

The results mentioned above indicated that y,, was dependent on 6y,
which is consistent with the finding of Lu et al. (2018). Fig. 11 illustrates
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the relationships between 6, and y, of specimens with different salt
contents during F-T. Note that the results of the specimen with 4% salt
content at both bottom and top sensors were not plotted due to the
insignificant variation in 6,. One can see that the y, increased with a
decreasing 0, during freezing and then decreased with a rising 6, during
thawing (Fig. 11b). A significant hysteresis loop can be identified in a F-
T cycle due to effects including the “ink-bottle” phenomenon, capillary
condensation, non-steady-state nucleation, expansion and contraction,
and electrolyte (Wang et al., 2018a). The loops were also not closed,
similar to those in Fig. 9, due to the water and salt migration. Fig. 11a
shows the 6,-y, loops of 0% salt content measured by the bottom and
top sensors. At the thermal equilibrium state, the matric suction reached
the maximum value of 6006 kPa (4, = 0.017 m3/m3) at the bottom
sensor and 292 kPa (¢, = 0.131 m3/m?) at the top one. The large matric
suction gradient between these two sensor locations was the direct proof
of the driving force of water and salt migration. Two loops were almost
overlapped, indicating the uniqueness of the 6,-yp, relationship for a
particular soil. Therefore, only the 6,-y, relationships observed at the
bottom sensor locations for specimens with 1% and 2% salt contents
were plotted for clarity, and the hysteresis phenomenon was also evident
(Figs. 11b and c). At the thermal equilibrium state, the y, peaked at

6006 kPa, 564 kPa, and 458 kPa at the bottom sensor location for the
specimens with 0%, 1%, and 2% salt content. This data showed that the
matric suction gradient decreased with increasing salt contents, result-
ing in less water and salt migration. The matric suction data and the
unique relationship between the matric suction and unfrozen water
content in a certain soil revealed the magnitude of the driving force for
water and salt migration. Future studies could focus on the quantitative
relationship between matric suction and unfrozen water content under
the influence of salt content and water supplement to understand the
physical properties of frozen saline soils.

3.2.4. Water intake

It is crucial to monitor the water intake during F-T in an open system
as this information can be useful for analyzing frost heave (Gilpin, 1980;
Hermansson and Guthrie, 2005). Fig. 12 shows the total volume of water
or NaCl solution of various salt contents. Note that there were some data
gaps since the data was manually recorded, and no recordings were
taken at night. However, these data gaps did not seem to affect the
continuity of the intake data curves. The water began to supply once the
freezing process started. One can see that the water intake volume data
were almost zero over the first five hours for all specimens.
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Subsequently, the intake volume increased with time but was pretty
close in the next ten hours for all specimens. Afterward, the water intake
volumes started to rise almost linearly with time at different rates, and
the differences between them grew over time. The larger volume
occurred in specimens with lower salt contents. This observation is
consistent with the results of Zhang et al. (2014). It indicated more water
and salt migration in specimens with lower salt content due to the larger
matric suction gradient. As previously discussed, a larger matric suction
gradient in lower salt content between two sensors. Specifically, the
maximum matric suction values at the thermal equilibrium state were
6006 kPa, 564 kPa, 458 kPa, and 13 kPa as measured by the bottom
sensors and 292 kPa, 170 kPa, 13 kPa, and 13 kPa as measured by top
sensors, for specimens with 0%, 1%, 2%, and 4% salt contents, respec-
tively (Fig. 10). During thawing, the water and salt migrated under the
effect of gravity and pore solution concentration gradient. The supple-
ment water migrated to the freezing front and went through water-ice
phase change in the frozen fringe, inducing frost heave. The water
intake-induced frost heave was reported as the primary contributor to
the total frost heave (Zhang et al., 2017a). A quantitative analysis of the
deformation of frozen saline soils will be performed in a separate study
due to page limits.

4. Conclusions

Unidirectional open-system F-T tests were conducted on saturated
clay specimens with varying sodium chloride contents to investigate the
water and salt migration mechanism. The test devices and sensor
installation were described in detail. Testing results, including the
relationship between temperature and time, development of the freezing
front, the variation of unfrozen water content, bulk electrical conduc-
tivity and matric suction during F-T, and the water intake volume during
freezing were presented. The relationships between the unfrozen water
content and the bulk electrical conductivity or matric suction were also
presented and analyzed to shed light on the water and salt migration. In
addition, the NMR relaxometry tests were performed to examine the
water molecule mobility for understanding the water-salt migration
mechanism. The following conclusions can be drawn:

(1) The freezing front propagation was found to be highly dependent
on salt content. The freezing front moved faster at the beginning
of freezing and then gradually reached a plateau at the end of
freezing. The final location of the freezing front at the thermal
equilibrium stage was farther from the cold end of the specimen
with lower salt content than that with higher salt content.

(2) A significant but asynchronous variation was found in the un-
frozen water content and bulk electrical conductivity during F-T.
This is because the mechanisms of salt migration included

Cold Regions Science and Technology 186 (2021) 103277

convection and diffusion. In contrast, only one primary mecha-
nism, i.e., convection, drove water migration, as confirmed by the
redistribution of water and salt. There is less influence of con-
vection and diffusion on salt migration in the unfrozen zone
farther away from the freezing front. However, convection is the
dominant among the two mechanisms regardless of the distance
from the freezing front.

(3) The water intake volume increased with decreasing salt content,
which can be attributed to the driving force of water-salt
migration, e.g., matric suction gradient. The matric suction was
found to be dependent on the unfrozen water content but inde-
pendent of salt content. Furthermore, a hysteresis loop was
revealed in the relationships between the unfrozen water content
and matric suction of frozen saline soils during F-T.

(4) The water molecule mobility was dependent on the unfrozen
water content but independent of salt content. The pore water in
specimens with different salt contents but the same unfrozen
water content were found to have similar water molecule
mobility. The hysteresis phenomenon was also identified in the
variation of water molecule mobility with temperature during F-
T. Nevertheless, the salt content has a significant effect on the soil
freezing point depression, which further affects the matric suc-
tion and water molecule mobility.

This study delves into the water and salt migration mechanism
during F-T, which is of great significance for understanding the coupled
thermo-hydro-salt behavior of frozen saline soils. Besides, many factors,
such as soil texture, dry density, salt type, and degree of saturation,
affect the water-salt migration and warrant further investigation.
Additionally, the quantitative relationship between the unfrozen water
content and matric suction under the influence of salt content and water
supplement should be investigated in future studies to understand the
physical properties of frozen saline soils.
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