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To reveal the effect of interlayer on the temperature of freeze-thaw soil and the
transformation between phreatic water and soil water in shallow groundwater
areas, a freeze-thaw test was conducted with a groundwater table depth of 0.5 m
under laboratory freeze-thaw action. The soil temperature and the transformation
between phreatic water and soil water of sand columns under constant freezing
temperature at —20°C lasted for 20 days, and the thawing process lasted for
15 days were monitored. The interlayers with a particle size of 0.1-0.5 mm (dsg =
0.3 mm) and a thickness of 5 cm were set at 5, 15, 20, and 25 cm away from the
surface and these sand columns were marked as Ds, D15, D»g, and D5, which were
compared with a homogeneous sand column (C,) with a particle size of
0.5-1.5mm (dsg = 1.0 mm). The results showed that the fine particle interlayer
had thermal insulation on the soil profile and that it effectively inhibited upward
migration of phreatic water to soil water during the freezing process. A sand
column that had a near-surface interlayer had a better thermal insulation, a
stronger inhibition effect on upward migration amount of phreatic water to
soil water (UMA) and a larger cumulative downward movement amount of soil
water to phreatic water (DMA). The cumulative UMA of Ds, D15, Dyg, and Dys was
61%—-84% of C, during the freezing stage, and the cumulative DMA of Ds, D5, D5g,
and Dys was 29%—-57% of C,, during the thawing stage. The inefficient loss of
groundwater increased exponentially with the depth of interlayer, the sand
column with an interlayer that was farther away from the surface consumed
more groundwater and stored more water in the unsaturated zone, and its DMA
reached almost zero earlier. These research results were significant for the
scientific evaluation of water resources in shallow groundwater areas.
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1 Introduction

Permafrost covers most of the planet’s high latitudes and
elevations, with 50% of the permafrost exposed in the Northern
Hemisphere. Seasonal frozen soil areas are distributed widely
throughout China, accounting for about 70% of the total land
area. Most areas of seasonally frozen soil have cold and dry
climates and poor water resources (Liu et al., 2020). The soil in
frozen areas undergoes a complex freezing and thawing process in
the winter and spring, including a series of physical and chemical
activities, such as water migration, temperature change, salt
movement, and a three-phase change of water (Hansson et al,
2004; Min et al., 2022). The transformation between phreatic water
and soil water in the shallow groundwater zone, however, often is
accompanied by complex changes, which aggravate soil salinization
and affect the accurate evaluation of water resources in arid areas
(Hou et al,, 2020). Thus, it is necessary to study the transformation
law between phreatic water and soil water under freeze-thaw action
to inhibit soil evaporation, prevent soil salinization, and protect
groundwater resources in shallow groundwater areas.

Freeze-thaw cycles affect the water and heat transport of soil,
which is an important dynamic change process in the land surface
(Zhang and Sun, 2010; Kozlowski and Nartowska, 2013). This
process changes the mechanical properties of soils and it has had
a significant impact on many practical engineering and agricultural
applications, such as frost heave damage and thaw-water infiltration
of high-speed railway embankments (Kelleners et al., 2016; Zhang
etal, 2021; Zhang et al., 2022). The permeability of frozen soil varies
with changes in soil temperature, soil moisture, and soil structure,
which play a decisive role in the formation, migration, and
distribution of groundwater (Quinton et al., 2005; Quinton et al.,
2009). Temperature change is an important factor leading to soil
moisture phase changes and soil-water potential changes (Horel
et al,, 2022), and it is a major driver affecting the soil moisture
movement in the soil freeze-thaw cycle (Wang et al., 2018). Soil
temperature and air temperature have a synchronous change pattern
under the freeze-thaw action (Zhang et al., 2020a; Chou and Wang,
2021). External environmental changes have had a greater impact on
surface soil water content. The variation in soil water content with
temperature obeys Gaussian distribution in the freeze-thaw stage
(Zhao et al., 2019). Soil water is redistributed by the movement of
unfrozen water, that is, driven by the gradient of soil-water potential,
and water migrates from the unfrozen area to the frozen front, which
then has a direct impact on vegetation growth (Li et al., 2013; Xiao
et al,, 2019; Zheng et al., 2021). Mutual replenishment of soil water
and phreatic water has different transformation characteristics in
different periods (Carretero et al, 2021). In seasonal frozen soil
areas, phreatic water evaporation recharges soil water and,
alternately, soil water infiltration recharges phreatic water (Chen
et al., 2018a). Frozen soil may promote or hinder groundwater
recharge and discharge (White et al, 2007; Evans et al, 2015;
Walvoord and Kurylyk, 2016). A warm climate can promote the
thawing of frozen soil and increase the permeability of the aquifer.
To date, many scholars have conducted relevant studies on water-
heat transport in soil and groundwater recharge during the freeze-
thaw process using different test methods. Researchers have used
various models to simulate and monitor the freezing and thawing
process of soil and have quantitatively calculated the transformation
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of soil water and groundwater using numerical simulation methods.
The steady-state solution is a common method used for quantitative
replenishment (Abdulrazzak and Morel-Seytoux, 1983; Freyberg,
1983). Study areas have been located in Russia, the United States,
Chile, and China (Bo et al, 2021). The dynamic changes in
cold
uncertainties to future water resource planning.

groundwater transport in these regions add many

Sandy interlayer structures are common in the field soil profile
because of external forces, such as wind and sand, hydrology, and
geology (Xue et al., 2020). In layered soil, the movement of moisture
is closely related to the nature, thickness, texture, soil-layer order
and groundwater table depth of the soil layer (Pillai et al., 2009;
Shokri et al., 2010; Li et al., 2014; Hu et al., 2022; Wu et al., 2022). At
the interface of different soil layers, the hydraulic characteristics of
soil are discontinuous, which leads to the difference of hydraulic
characteristics between homogeneous soil and heterogeneous soil.
At present, infiltration and evaporation tests have been used to study
the water movement of the layered soil. The results showed that, the
interlayer structure will change the infiltration performance and
distribution of soil water, which has an important influence on soil
infiltration characteristics (Assouline, 2013). The interlayer had an
inhibitory effect on water infiltration, and this inhibitory effect
increased with an increase in soil porosity. The deeper an
interlayer was, the more obvious the change in the infiltration
rate was (Miller and Gardner, 1962; Chen et al.,, 2019). Related
studies, however, have also shown that an interlayer with a higher
matric suction can promote soil water infiltration (Wang et al,
2014). The existence of an interlayer made the wetting front of water
infiltration unstable (Liu et al., 2019). Some scholars also have used
the HYDRUS model to study the best anti-seepage method under
different interlayer positions, thicknesses, and gradations. The
results of these studies have shown that the water-blocking and
salt-insulating effect of the interlayer increased with an increase in
the thickness of the interlayer, the rise of the interlayer position, and
the deterioration of the gradation (Li et al., 2014; Gallo et al., 2022).
Compared with homogeneous soil, a sand interlayer can inhibited
water evaporation (Li et al, 2014; Gallo et al, 2022), and the
cumulative evaporation was significantly lower than that of
homogeneous soil regardless of the thickness and particle size of
the interlayer (Diaz et al., 2005). Soil evaporation capacity was
affected by the texture and thickness of the upper covering soil.
In general, the coarser soil particle size and larger thickness
effectively inhibited soil evaporation (Modaihsh et al.,, 1985). The
upper coarse and lower fine soil better inhibited soil evaporation,
whereas the upper fine soil and the lower coarse soil had little effect
on the inhibition of evaporation (Willis, 1960). The interlayer sand
column with surface silt had a higher evaporation rate and
cumulative evaporation (Huang et al., 2013). Layered soil holds
more water than homogeneous soil due to capillary resistance and
hydraulic hindrance after undergoing the entire freeze-thaw cycle
process (Li et al., 2014). The remaining water in the soil can improve
the water availability of plants on the one hand, and may also lead to
salinization and other environmental problems.

Understanding the transport of water and heat in freeze-thaw
soil is relevant to the assessment and utilization of frozen area water
resources (Sun et al, 2011; Wu et al, 2018). Because of the
complexity  of

hydrodynamics and soil dynamics in

heterogeneous porous media, early studies were mostly carried
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The laboratory device for the freeze-thaw test at a constant groundwater level. (A) The schematic diagram of the test device; (B) sand columns with

different interlayer position.

out on the hypothesis that the soil was homogeneous. Furthermore,
most published articles on heterogeneous soils explored the effects of
the thickness (Wu et al., 2022), texture (Chen et al., 2022), particle
size (Wang et al., 2014) and soil configuration of the interlayer
(Wang et al., 2020) on soil evaporation and infiltration processes,
but the effect of interlayer position in the vertical direction on the
phreatic transformation is not clarified. Else, most of the research on
the sand layer was based on non-freeze-thaw soil, and there is a lack
of research on the influence of interlayer on the transformation law
between phreatic water and soil water under the condition of
shallow groundwater in frozen soil area. Our study can provide a
theoretical basis for this direction, which has important guiding
significance for the prevention and control of soil salinization in
shallow groundwater areas and the scientific evaluation of
groundwater resources. In this study, the transformation between
phreatic water and soil water with different interlayer positions were
conducted by artificially controlling the freeze-thaw temperature in
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the laboratory. The objectives of this study were to 1) analyze the
effects of interlayer positions on the soil temperature with shallow
groundwater under freeze-thaw action; 2) investigate the effects of
the interlayer on the transformation between phreatic water and soil
water during the freeze-thaw process; and 3) reveal the influence
mechanism of interlayer on the consumption of phreatic water.

2 Materials and methods
2.1 Laboratory device

The freeze-thaw laboratory device included a refrigeration unit,
sand column, insulation device, constant head water-supply system
with a Mariotte bottle, seepage bottle, thermistor temperature
collector, and air temperature and humidity monitoring system,
as shown in Figure 1.
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The refrigeration unit was a digital control refrigerator (Haier
BC/BD-338A) with a length of 140 cm, a width of 60 cm, and a height
of 80 cm. The minimum refrigeration temperature was —40°C, which
could be controlled by controlling the display panel. The temperature
control accuracy was 0.1°C. The sand column was made of hard
organic glass with an inner diameter of 15 cm and a height of 110 cm.
To prevent the heat exchange between the sand column and the
insulation device, a polyester thermal insulation film with a thickness
of about 25 mm was wrapped around the outside of the sand column.
The sand column was left with a water intake at the bottom, which
was connected to the water replenishment device through a hose. The
insulation device was constructed of a polyvinyl chloride (PVC) sheet
filled with a thickness of 3 cm polyurethane in the middle, with a
thickness of 5 cm, a length of 140 cm, a width of 60 cm, and a height
of 100 cm. The foam board was added between the insulation device
and the refrigeration unit to ensure unidirectional freezing, and the
contact gap between the refrigeration unit and the insulation device
was sealed. The constant water-level supply system included a
Mariotte bottle (with a diameter of 8 cm and a height of 90 cm)
and a balance bottle (with a diameter of 15 cm and a height of 40 cm)
connected by a hose. The balance bottle was connected to the bottom
of the test sand column with a hose. The seepage bottles were 250 and
500 ml graduated cylinders with an accuracy of 2 ml. The thermistor
temperature collectors were multichannel data collectors, and the
input signal included 32 channels, with an accuracy of 0.2s
per channel.

2.2 Laboratory design and monitoring
methods

2.2.1 Laboratory design

Two kind of particle sizes of sand were selected by screening
machine, which were 0.5-1.5 mm and 0.1-0.5 mm. The particle size
of the homogeneous sand column was 0.5-1.5 mm, which was
marked as C;,. The bottom of each sand column was filled with
quartz sand with a thickness of 10 cm as the filter layer. The top of
the filter layer was covered with a filter to prevent the valve from
being clogged by fine soil particles in the sand column. The sand
column was uniformly filled according to the bulk density of
1.5gcm™ and then was connected with a constant water-level
supply system with a groundwater table depth of 0.5m. The
valve was opened after 72 h and the sand column was rehydrated
from bottom to top with a balance bottle for 7 days at room
temperature. Then the surface was freezing at a constant
temperature. When the decrease of sand column temperature
and Mariotte bottle recharge to the sand column reached
almost zero, it began to thaw at room temperature until the
recharge to the seepage bottle reached zero. The specific test
scheme was as follows:

The sand column surface was freezing by the refrigeration
equipment at a constant temperature of —20°C. The constant
temperature freezing process lasted for 20 days, and the thawing
process lasted for 15days. Interlayers with a particle size of
0.1-0.5 mm and a thickness of 5cm were set at 5, 15, 20, and
25 cm away from the surface and these sand columns were marked
as Ds, D15, Dy, and D,s, respectively. The specific test schemes and
setting of sand columns are shown in Table 1.
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2.2.2 Data monitoring

The freezing temperature and relative humidity were collected
by the environmental monitor (Cos-03-0 USB), and the storage
capacity was 2.08 million. The data were exported through the USB
recorder data management system. The frequency of data collection
for this test was 1 h.

The sand column temperature monitoring used a multichannel
collector (32 channels of input signal) to collect thermistor values
that were preburied in the sand column at 5, 10, 15, 20, 25, 30, 40,
and 50 cm, and the resistance values (the error is less than 0.5 Q)
were automatically converted to temperature using a built-in
formula. The frequency of monitoring was every 2h. The
conversion relationship between thermistor value and soil
temperature is:

B
T=—1— 27315 (1)

s
where R, was real-time measured resistance value, (; R,5 was the
resistance value when the temperature was 25°C, ); B was a constant
value given as 3950; T was the soil temperature, °C.

The upward migration amount of phreatic water to soil water
(UMA) was obtained by converting the relationship between the
falling height of water in the Mariotte bottle and the cross-sectional
area of the sand column to obtain the rising height of water in the
sand column. The scale accuracy was 0.1 mm, and the monitoring
frequency was every 2 h. The transformation relation is as follows:

S .
where Q,, was the upward migration amount of phreatic water to
soil water, mm; ; and [;,; indicated the height of the water level of
the Mariotte bottle at 8:00 a.m. on day i and day i + 1, respectively,
mm; and C, referred to the transformation factor (this test took
C, = 3.52).

During the thawing process, the downward movement amount
of soil water to phreatic water was measured by the seepage bottle
(accuracy was 2 ml). We converted the amount of water in the
seepage bottle to the falling height of the water in the sand column.
The monitoring frequency was every 2h. The transformation
relation is as follows:

Qe = — (3)

where Q,, was the downward movement amount of soil water to
phreatic water, mm; W; and W;,; indicated the amount of water in
the seepage bottle at 8:00 a.m. on day i and day i + 1, ml; and C,
referred to the transformation factor of the water volume between
the seepage bottle and the sand column, it is numerically equal to the
ratio of the water volume of the seepage bottle to the cross-sectional
area of the sand column (this test took C, = 17.60).

The transformation between phreatic water and soil water
during the freeze-thaw period is actually the upward migration of
phreatic water to soil water caused by soil freezing and the
downward movement of soil water to phreatic water by the
thawing water of frozen soil. The difference between the UMA
and DMA can reflect groundwater consumption, as follows:

th = Qev - Qre (4)
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FIGURE 2
Variations of temperature and relative humidity during the
freeze-thaw process.

where Qp), was the difference between the UMA and DMA during
the freeze-thaw period, mm; Q,, was the UMA during the freezing
period, mm; Q,, was the DMA during the thawing period, mm.

3 Results

3.1 Freeze-thaw temperature and relative
humidity variation

The daily average temperature and daily average humidity
during the freeze-thaw period are shown in Figure 2. The soil
temperature decreased rapidly during days 1 and 2 of the
constant temperature freezing stage. Then, temperature fluctuated
slightly near the design freezing temperature, which entered a stable
change stage. The freezing process lasted for 20 days at —20°C before
the soil temperature reached stability. After the freezing process,
natural thawing was performed at room temperature. The
temperature rose linearly during days 1-4 of the thawing stage
and tended to remain stable after reaching room temperature. The
temperature of the refrigeration unit was the same as the room
temperature during days 13-15 of the thawing stage. The relative
humidity also followed the same variation with air temperature.

3.2 Temperature variation of sand columns
under freeze-thaw action

(1) Freezing stage

The temperature variations of C, and sand columns with
interlayers at different positions during the freezing process are
shown in Figure 3. The air temperature had a significant effect on the
soil temperature, and the soil temperature of all sand columns
showed essentially the same variation trends at different depths.

At the beginning of the freezing stage, the temperature of the
near-surface soil layer decreased rapidly. Subsequently, the
temperature of the sand column decreased and eventually
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stabilized driven by the temperature gradient (Huang et al,
2013). The temperature variation of the sand column during the
freezing process could be divided into three stages: the rapid cooling
stage (during days 1-3 of the freezing stage, the daily temperature
reduction was about 3.0°C-9.0°C), the slow cooling stage (during
days 4-7 of the freezing stage, the daily temperature reduction was
1.0°C-3.0°C), and the stable change stage (during days 8-20 of the
freezing stage, the daily temperature reduction was 0.1°C-0.5°C).

When the sand column temperature was stable (on day 20 of the
freezing process), the temperatures of Ds, D5, D5, and D,5 dropped
to -8.7°C-7.0°C, -10°C-6.2°C, -11.2°C-5.5°C, and -12°C-4.9°C,
which was 2.6°C-4.2°C, 1.0°C-2.9°C, 0.5°C-1.7°C, and 0.2°C-0.9°C
higher than Cy,, which indicated that the existence of an interlayer
hindered the loss of soil heat. The average temperature gradient of
Cp, was the highest and D5 was the lowest—that is, the average
temperature gradient in the sand column with the near-surface
interlayer was smaller, and the temperature of the sand column
decreased more slowly, which had a better effect on the insulation of
the sand column. The difference between the temperature of the
interlayer sand column and Cj, gradually decreased with a deepening
of the interlayer position, and the soil thermal insulation gradually
weakened. The temperature variations of D,y and D,s had little
difference from C;,.

(2) Thawing stage

The temperature variations of the sand column also could be
divided into three stages during the thawing process: the slow
warming stage (during days 1-2 of the thawing stage, the daily
temperature increase was about 0.2°C-0.8°C), the rapid warming
stage (during days 3-9 of the thawing stage, the daily temperature
increase was about 0.8°C-7.1°C), and the stable change stage (during
days 10-15 of the thawing stage, the daily temperature increase was
about 0.1°C-0.3°C).

At the beginning of the thawing process, the temperature of the
sand column increased slowly and gradually slowed as depth
increased (as shown in Figure 4). Subsequently, the temperature
entered the rapidly increasing stage with an increase in the
temperature gradient. Eventually, the temperature of the sand
column entered a minor fluctuation stage, and then the
temperature tended to be closer to room temperature. During the
thawing process, the temperature recovery rate of the sand column
was Cp, > D,5 > Dyg > Dy5 > Ds. The interlayers of Ds, D5, D5, and
D,5 with a particle size of 0.1-0.5 mm, which was smaller than that
of Cy,. The poor thermal conductivity of fine soil particles hindered
the downward migration of heat from the surface. Therefore, the
temperature recovery rate of the interlayer sand column was slower,
and the sand column with the near-surface interlayer had a more
obvious thermal insulation and a slower temperature recovery rate.

3.3 Transformation between phreatic water
and soil water under freeze-thaw action

3.3.1 Upward migration of phreatic water to soil
water

The redistribution of water and heat in the soil during the
freezing period results in a continuous upward migration of the
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FIGURE 3
Temperature variation of sand columns during the freezing process. (A—E) are the temperature variation at different depths of Ch, D5, D15, D20 and
D25 respectively.

phreatic water. The cumulative UMA of C;, and sand columns with ~ daily UMA of the sand columns with different interlayer
four different interlayer positions during the freezing stage are  positions ranged from 0.02mmd™" to 0.15mmd™, and the

-

shown in Figure 5. At the beginning of the freezing stage, the  cumulative UMA was small. Subsequently, the UMA increased
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FIGURE 4

Temperature variation of sand columns during the thawing process. (A—E) are the temperature variation at different depths of Ch, D5, D15, D20 and
D25 respectively.

rapidly under the effect of soil-water potential and temperature
gradient. The daily UMA decreased on day 9 when the soil
temperatures were in a small fluctuation. At the end of the

freezing stage, the cumulative UMA of Ds, Dys, Dy, and Dss
reached 6.19, 6.96, 7.60, and 8.53 mm, which was 61%, 69%,
75%, and 84% of C,. The daily UMA of C;, was always higher

Frontiers in Earth Science 07 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1200677

Chen et al.

Cumulative upward migration amount
of phreatic water to soil water/mm

O == 1
0 5 10 15 20
Freezing time/d

FIGURE 5
Cumulative upward migration amount of phreatic water to soil
water during the freezing process.

E E 20 = Measured values
g >\§ 85| Fitting curve
s QO
g = 50
FE
Bz
g .é. TS
E2,
5 Qe =5.5840016x
<
s = 65f R2=0.972
Z 9
= §
= P60
Ed
Q Ha 55 L 1 1 L L |
0 S 10 15 20 25 30
Depth of interlayer/cm
FIGURE 6

Fitting curves of the cumulative upward migration amount of
phreatic water to soil water and the depth of interlayer.

than that of each interlayer sand column during the freezing
process, and Ds had the lowest daily UMA. The interlayer
effectively inhibited upward migration of phreatic water to soil
water during the freezing stage (Zhang et al., 2020b)—that is, the
farther the interlayer was away from the surface, the greater the
cumulative UMA was. The near-surface interlayer had a more
obvious inhibitory effect on upward migration of phreatic water
to soil water.

In addition, the time required for sand columns with different
interlayer positions to reach the same cumulative UMA was
obviously different. It took about 11 and 8days for the
cumulative UMA to reach 5mm in D5 and D,s5, which was
3.5 and 0.5 days later than Cy, respectively.

The analysis result shown that the cumulative UMA and the
depth of interlayer was well fitted by the following exponential
function:
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Qe = 2™ (5)

where Q,,, is the cumulative UMA (mm); x is the depth of interlayer
(cm); a and b are regression coefficients.

The fitting curves of the cumulative UMA and the depth of
interlayer are shown in Figure 6, and the results of the regression
analysis are presented in Table 2. The correlation coefficients (R*) of
the fitting equations are greater than 0.97, indicating that the
variation in the cumulative UMA with the depth of interlayer
during the freezing process can be well characterized by the
above equations. At a given significance level of a = 0.05, F s
(p> n-p-1) = Fps(1,2) = 18.50. F = 69.912 > F; ¢5(p, n-p-1), this
indicated that the regression equations are significant. It can be seen
that the cumulative UMA increased exponentially with the depth of
interlayer.

3.3.2 Downward movement of soil water to
phreatic water

The presence of the interlayer changed the hydraulic conductivity
of the soil, which affect the DMA during the thawing process.
Variations in the cumulative DMA of sand columns with different
interlayer positions during the thawing process are shown in Figure 7.
The sand column thawed slowly in the first 2 days of the thawing
stage. The daily DMA of C;, was 0.66 mm d ™' on day 2, and that of Ds
and D,5 was 19.70% and 54.55% lower than that of C,,. The frozen
upper layer thawed rapidly as the temperature gradually increased
from day 3 to day 9. Under the action of gravity, the soil water rapidly
recharged to phreatic water. From day 10 to day 12 of the thawing
stage, the increase in DMA was reduced, with an average daily
increase of 0.04-0.63 mm. After that, the daily DMA of the sand
column reached almost zero. The cumulative DMA of Ds, D;5, Dy,
and D,5 reached 5.60, 4.53, 3.76, and 2.82 mm on day 15, which was
57%, 46%, 38%, and 29% of that of C;,.

Cy, had the largest daily DMA, while D55 had the smallest daily
DMA. The cumulative DMA of sand columns decreased as the
interlayer position deepened. The cumulative DMA of D,5 reached
zero on day 9, whereas C;, did not reach zero until day 13. The DMA
of the sand column with interlayer that was farther away from the
surface reached zero earlier, and the interlayer had a more obvious
inhibitory effect on the downward movement of soil water to
phreatic water.

The fitting curves of the cumulative DMA and the depth of
interlayer at the end of the thawing stages is shown in Figure 8.
The correlation coefficients (R?) of the fitting equations are greater than
0.94, indicating that the variation in the cumulative DMA with the
depth of interlayer during the freezing process can be well
characterized by the fitted equation as shown in Figure 8. The
cumulative DMA decreased exponentially with the depth of interlayer.

3.3.3 Difference between the UMA and DMA
Generally, the invalid loss of groundwater occurs during
seasonal freeze-thaw period. The difference between UMA and
DMA (Qpn) often has been used to characterize the degree of
groundwater depletion (Ouyang et al, 2016; Chen et al., 2018z;
Chen et al., 2023), and which of the sand column with different
interlayer positions was positive value (Table 3), that is, the
cumulative UMA of the sand column was greater than the
cumulative DMA. The value of Q;, was the smallest in C,, and
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TABLE 1 Test schemes and setting of sand columns.

Freezing Freezing Thawing Sand Position of Thickness of  Particle size of Groundwater
temperature/°C time/d time/d column interlayer/cm interlayer/cm  interlayer/mm table depth/m
D;s 5 5 0.1-0.5
20 20 15 Dis 15 5 0.1-0.5 05
Dy 20 5 0.1-0.5
Das 25 5 0.1-0.5

TABLE 2 Variance analysis for significance test of regression equations.

Regression Correlation coefficient Deviation (mm) Degrees of freedom Mean square
coefficients deviation (mm)
a b1 R? Qreg Qres n'p'1 n-1 Sreg S‘res
5.584 0.016 0.972 0.054 0.002 1 2 3 0.054 0.001 69.912
E 12 ‘é 6.0
g g g £ = Measured values
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FIGURE 7 FIGURE 8

Cumulative downward movement amount of soil water to
phreatic water during the thawing process.

the UMA under the freeze-thaw action was 0.3 mm higher than that
of the DMA. It indicated that the existence of the interlayer
promoted the transformation of phreatic water to soil water and
increased water storage in the sand column. With a deepening of the
interlayer position, the value of Q) increased, that is, the
consumption of phreatic water increased.

Qpr is strongly correlated with the depth of interlayer as follows:

Qi = ce™ (6)

where Quy, is the difference between the UMA and DMA (mm); x is
the depth of sand interlayer (cm); ¢ and d are regression coefficients.

The correlation coefficients (R?) of the fitting equation is greater
than 0.98, and the fitting curves are shown in Figure 9. It can be seen
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Fitting curves of the cumulative downward movement amount of
soil water to phreatic water and the depth of interlayer.

that the Qy, increased exponentially with the deepening of interlayer
position, indicating that the inefficient loss of groundwater increased
with the depth of interlayer.

4 Discussion

4.1 Effects of the interlayer position on the
soil temperature

Soil temperature was related to the thermal conductivity during

the freeze-thaw period (Lein et al., 2019). Numerous studies have
shown that soil texture, soil moisture content, dry bulk density, and
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TABLE 3 The difference between the upward migration amount of phreatic water to soil water and downward movement amount of soil water to phreatic water

during the freeze-thaw process.

Sand column Cumulative UMA/mm

Cumulative DMA/mm

Difference between the UMA and DMA/mm

Ch 10.11 9.81 030
Ds 6.19 5.60 0.59
Dis 6.96 453 243
Dy 7.60 376 3.84
Das 8.53 2.82 571
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FIGURE 9

Fitting curves of the difference between the upward migration
amount of phreatic water to soil water and downward movement
amount of soil water to phreatic water and the depth of interlayer.

soil particle size affected soil thermal conductivity (Chen, 2008;
Zhang et al.,, 2016; He et al., 2021; Zakharov and Makhover, 2021),
and soil-water phase change caused by temperature also affected soil
thermal conductivity (Duc Cao et al, 2021). This will lead to
redistribution of soil moisture and heat during the freeze-thaw
period. The thermal conductivity of ice crystals was four times
that of liquid water. Thus, when the soil was frozen, the thermal
conductivity of soil increased rapidly with the expansion of ice
crystals. In the rapid freezing stage, liquid water migrated and
crystallized from the unfrozen area at the lower to upper layers
according to the temperature gradient. As the freezing front
advanced downward, the ice crystals in the frozen upper layer
continued to increase. The pores between soil particles were filled
with ice crystals, which resulted in an increase in soil thermal
conductivity. With the decrease in freezing temperature, the soil
temperature decreased rapidly, and then it stabilized (Cheng et al.,
2014).

The soil temperature gradient is the important factor affecting
the soil temperature. The larger the soil particle size, the smaller the
porosity and the higher the thermal conductivity (Chen et al., 2023).
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Soil temperatures in homogeneous sand column are lower than in
interlayer sand columns when the freezing was stable. This may be
attributed to the lower heat conductivity of the small particle size
interlayer which slowed the velocity of heat loss by the soil (Zhang
et al., 2015; Chen et al., 2018b; Xue et al., 2020). Therefore, the
freezing depths of the homogeneous sand column are larger in the
freezing period. The ranking of soil temperature reduction in the
four interlayer sand columns was D5 < D5 < Dy < D5 at the end of
freezing stage, the results illustrate that the shallower sand interlayer
preferred heat preservation for the sand column (Xue et al.,, 2020).
Conversely, the temperature of the sand column with a near-surface
interlayer rose slowly and the heat resistance effect was remarkable
during the thawing process. In the vertical direction, the soil
temperature in the surface layer of the sand column decreased
faster and the upper soil temperature was lower than the
temperature of the deeper soil layer. Then the soil thawed in
both directions under the effect of temperature gradient, but the
surface soil was more influenced by the external temperature, thus,
the surface soil is the earliest to return to room temperature. Soil
temperature recovery showed a significant hysteresis with the
increasing of soil depth (Chen et al., 2023).

4.2 Transformation between phreatic water
and soil water

The freezing process caused some of the liquid water to
condense into ice crystals as the upper soil temperature
decreased, resulting in upward migration of phreatic water to soil
water by the soil water potential gradient (Wu et al,, 2023). As
mediums of energy and water transfer, soil porosity and specific
surface area both affected the migration of water and energy
(Watanabe and Mizoguchi, 2002). The particle size of the
homogeneous sand column was large and uniform, such that it
had the largest cumulative UMA and daily UMA during the freezing
process under the same conditions. While the remaining sand
columns had a sudden change in capillary suction at the
intersection due to the presence of the interlayer (Zhang et al,
2020c), which inhibited the upward transport of phreatic water to
soil water. The interlayer position is strongly correlated with the
UMA. The cumulative UMA increased exponentially with the depth
of interlayer. When the interlayer position was closer to the ground
surface, the temperature of the lower part of sand column was
relatively high, and the degree of the water phase change was weak
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during the freezing stage, which had a significant inhibitory effect on
upward migration of phreatic water to soil water (Xue et al., 2020).

Different interlayer positions affected the water conductivity and
the water-holding capacity of the unsaturated zone in the sand
column. During the thawing stage, the soil water migrates
downwards under the effect of the gravitational potential gradient
and the matrix potential gradient (Du et al., 2018; Zhang et al., 2020b).
The downward migration process of soil water in homogeneous sand
column and interlayer sand column was the same before the wetting
front of the thawing water reached the interlayer. The rate of
downward migration of soil water gradually decreased as time
increased, and it dropped sharply when wetting front migrated to
interlayer (Fan et al., 2022). Homogeneous sand column was filled
with large particle size soil resulting in a large hydraulic conductivity,
thus, it had a greater cumulative DMA and daily DMA. In the sand
column of the interlayer that was farther away from the surface, the
path of soil water transport downward to the interlayer was longer
than other sand columns, and the interlayer has a stronger water-
holding capacity and weaker water-release capacity, thus, D,5 had the
lowest downward migration rate of water and daily DMA. Therefore,
the deeper the interlayer position was, the slower the downward
movement of soil water to phreatic water process and the smaller the
cumulative DMA was.

Mutual exchange of soil water and groundwater occurs during
the freeze-thaw period, and the cumulative DMA was always less
than the cumulative UMA (Chen et al., 2018a). The Qy, was positive
value and indicated that the groundwater was in a negative balance.
Most of the water that migrated upward during the freezing period
was recharge to the groundwater during the thawing period, and the
remaining part of the water was stored in the sand column, which
led to an increase in the water content of the sand column (Wu et al.,
2023). The positive value of Qpy increased with the increase of
interlayer position. The existence of the interlayer promoted the
transformation of phreatic water to soil water and increased water
storage in the sand column. This may lead to soil salinization and
various other ecological problems.

5 Conclusion

The soil temperature varied more in the homogeneous sand
column during the freeze-thaw period in shallow groundwater areas.
The existence of a fine particle interlayer had a thermal insulation on
the soil profile. The closer the interlayer was to the surface, the better
the insulation effect of the sand column was. The temperature of the
homogeneous sand column increased fastest and rose the most
during the thawing stage, while the sand column with the near-
surface interlayer had the lowest temperature increase.

The inhibition effect on upward migration of phreatic water to
soil water during the freezing process was stronger when the
interlayer was closer to the surface, and the cumulative UMA of
Ds, Dys, Dy, and D5 was 61%-84% of Cy,. The cumulative DMA
decreased as the interlayer position deepened. The cumulative DMA
of Ds, Dys, Dyg, and D5 was 29%-57% of Cj, during the thawing
stage. The DMA of the sand column with an interlayer that was
farther away from the surface reached zero earlier. The sand column
with an interlayer that was farther away from the ground surface
consumed more groundwater and stored more water in the
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unsaturated zone. The cumulative UMA increased exponentially
with the depth of interlayer, and the cumulative DMA decreased
exponentially with the depth of interlayer.

This study investigated the effects of interlayer positions on the
soil temperature and the transformation between phreatic water and
soil water during the freeze-thaw process, and showed clearly the
groundwater consumption with different interlayer position. These
research results were significant for the prevention and control of
soil salinization and the scientific evaluation of groundwater
resources in shallow groundwater areas.
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