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The phenomenon of mixed migration of liquid water and water vapor appeared in
subgrade covered with an impermeable semi-arid rigid base. The soil-water
characteristic curves (SWCC) at different temperatures are a key factor in revealing the
mechanism of liquid water migration. In particular, the matric suction of unsaturated soil is
considerably affected by the change in temperature. A moisture migration laboratory
experiment can visually observe the moisture migration process. Therefore, matric suction
tests with different temperatures and moisture migration of the one-dimensional soil
column were conducted. Then the non-isothermal SWCC model was extended based
on the Van Genuchten (VG) model, and the validity was given. Based on the above results,
the mechanism of the mixed migration of liquid water and water vapor in moisture
migration of unsaturated soil under the effect of the cyclic diurnal temperature variation
was revealed. The research demonstrated that the matric suction of unsaturated sand
decreases with the increase in temperature. During the daytime, the temperature of the soil
column gradually increases. Except for a part of liquid water transformed into water vapor,
the liquid water migrated downward under the action of gravity and matric potential. At
night, the water vapor accumulated beneath the lid condensed into liquid water under the
action of the temperature sharply decreased, which was the main reason for the moisture
aggregate beneath the closed layer. Meanwhile, the liquid water and water vapor mutually
transformed and dynamically migrated in the soil column under the effect of the cyclic
diurnal temperature variation. The moisture in the soil column dynamically migrates
between daytime and night, which is named the “moisture circulation of covering
effect” in this paper. The “moisture circulation of covering effect” would progressively
attain a dynamic equilibrium and dynamic circulatory between the daytime and night
with time.

Keywords: road engineering, moisture migration of unsaturated sand, cyclic diurnal temperature variation, non-
isothermal soil-water characteristic curves, mixed migration, moisture circulation of covering effect

1 INTRODUCTION

In arid and semi-arid areas of northwest China, numerous airport roads and expressways, such as
Zhongchuan airport in Lanzhou province and the Urumuqi-Kuitun expressway in Xinjiang
province, began to show pavement cracks, uneven subsidence, and other diseases, which was of
prime concern in the engineering practice (Yao et al., 2016; Niu et al., 2017; Yao et al., 2016; Xu et al.,
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2017; Xu et al., 2016; Xu et al., 2016). Road core sampling was
conducted, and the phenomenon that moisture aggregates
between subgrade soil and a semi-rigid base was found. The
increase in moisture weakened the strength of subgrade soil and
semi-rigid base and led to a weak-soft zone between subgrade soil
and semi-rigid base. Then the stress concentration was generated
at the bottom of the pavement and caused the surface to crack.
Meanwhile, the increase in moisture also led to frost heaving and
thaw collapse in the subgrade and then caused expansion and
uneven settlement on the surface. Most previous research showed
that moisture comes from subgrade soil (Nakano et al., 1984;
Parlange et al., 1998). In this region, the semi-rigid base is the
most frequently used structure on asphalt concrete roads with its
good integrity, mechanical properties, and water stability.
Additionally, there is a great thermal difference between day
and night in arid and semi-arid areas of China (Tang et al., 2020).
For example, in Yanchang County, Shaanxi province, northwest
China, the diurnal temperature variation can reach 33°C. The
moisture in subgrade soil would migrate upward under
temperature gradients and aggregate beneath the semi-rigid
base. To emphasize the effect of the impervious boundary, the
“Covering effect” defined as the phenomenon of moisture
accumulation underneath an impervious cover due to thermal
gradients was proposed to generalize this problem (Li et al., 2014).

To reveal the road disease caused by moisture migration, the
mechanism of moisture migration was investigated by many
scholars. Research showed that the moisture migration in
unsaturated soil was a mixed migration of liquid water and
water vapor (Wang et al., 2012). The liquid water migration
played a key role in areas with shallow groundwater levels and
strong capillarity, while the water vapor migration occupied a
dominant position in areas with strong evaporation and deep
underground water level (Teng et al., 2016; Zhang et al., 2016;
Zhang et al., 2016; Zhang et al., 2016; He et al., 2017) Research on
the driving force of moisture migration revealed that the liquid
water was mainly driven bymatric suction and gravity (Mao et al.,
2010). The liquid water would migrate downward under the
action of gravity. And the matric suction of unsaturated soil
measured at room temperature was often used to explain the
liquid water migration under the condition of changing
temperature in previous studies. In fact, the matric suction of
unsaturated soil was closely related to temperature (Gardner
et al., 1955; Philip et al., 1957; Wilkinson et al., 1960; Hugh
et al., 1998; Fattah et al., 2017). F. Arifin et al. (2006) took three
different suction measurement methods measuring the total
suction of soil specimens at 20°C and 80°C and found that the
total suction of the specimens at 80°C was notably lower than the
corresponding total suction measured at 20°C with the same
water content. Zhang et al. (2020) found that the soil-water
characteristic curves (SWCC) were significantly influenced by
the temperature. For the water vapor, the driving force was driven
by the water vapor density gradient. And water vapor density was
positively correlated with temperature. The liquid water would
transform into water vapor with the increase in temperature.
Then the water vapor would condense into liquid water when the
water vapor density is more than the saturated water vapor
density. Zeng et al. (2008) and Li et al. (2016) pointed out

that the water vapor migrated from the region with high
temperature to that with lower temperature. In addition, some
scholars conducted a series of laboratory tests by simulating the
work condition of the subgrade to search for the regularity and
mechanism of moisture migration. Gao et al. (2018) and
Eigenbord et al. (1996) conducted a series of one-side freezing
experiments to research the effects of fine contents and initial
moisture content on the moisture migration and frost
susceptibility of the coarse-grained soils. The research results
showed that a thin ice layer appeared in the cold end with the
impermeable layer, and the frost susceptibility increased with the
increased initial moisture content and fine contents. Liu et al.
(2020) found that “soil lid” and the “soil covering effects” existed
in both loess soil columns with and without lids under cyclic
diurnal temperature variation[28]. The “soil covering effects” for
the soil column with a lid were much more obvious.

As shown from the above research results, many researchers
realized the “covering effects” in unsaturated soil and conducted a
series of experiments to explore the mechanism of moisture
migration. However, research on moisture migration caused
by temperature variation at the normal temperature in arid
and semi-arid has just started. There are great diurnal
temperature variations besides the freezing period, and the
moisture migration is more prominent. Plus, there is sandy
desertification in arid and semiarid areas. So, the effect of the
cyclic diurnal temperature variation under the positive
temperature on moisture migration in unsaturated sand also
cannot be ignored. Besides, less attention has been paid to the
effect of matric suction with different temperatures on moisture
migration. Diurnal temperature differences may lead to the
change of matric suction and then affect moisture migration.

Therefore, in this paper, two-part laboratory tests were
conducted to explore the mechanism of moisture migration of
unsaturated sand under cyclic diurnal temperature variation: one
was the matric suction test considering temperature variation,
and the other was a moisture migration test of the one-
dimensional soil column under cyclic diurnal temperature
variation. First, based on the laboratory test results, this study
analyzed the change characteristics for matric suction of
unsaturated sand under the different temperature conditions
and extended the non-isothermal SWCC model. Then the
moisture migration and change in the sand soil column under
the effect of the cyclic diurnal temperature variation with time
were analyzed considering the effect of temperature on matric
suction. These obtained results can offer an important reference
for explaining the mechanism of moisture migration and putting
forward disease prevention measures in the future.

2 MATERIALS AND METHODS

2.1 Materials
The test materials used in this study were sand, and the soil
typical to the Urumuqi-Kuitun expressway. The specific
gravity and compaction characteristics of the test soil were
measured according to ASTM D854-14, and ASTM D4318-
17el, respectively. The results are shown in Table 1. The grain
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size distribution curve for the test soil is presented in
Figure 1.

2.2 Test Apparatus and Methods
2.2.1 Matric Suction Test Considering Temperature
Variation
In previous studies, the matric suction of unsaturated soil tested
at normal temperature was often used to explain the mechanism
of moisture migration. But the matric suction of unsaturated soil
in subgrade would change with the variation of soil temperature.
In Yanchang County, the maximum and minimum temperatures
in 1 day can reach 38 and 5°C, respectively. So, several groups of
the matric suction tests under the range of 0–45°C that considered
the extreme temperature of subgrade soil were conducted to
search for the effect of temperature on matric suction.

The matric suction of unsaturated sands was measured by the
TEROS 21 water potential meter, which was composed of the
TEROS 21 water potential sensor and Em50 water potential
collector, as shown in Figure 2. In particular, the TEROS 21
water potential sensors were used to measure the matric suction
and temperature of unsaturated soil. And the measurement range
for the matric suction was −1 kPa to −100,006 kPa with an
accuracy of −1 kPa, and for the temperature −40–60°C with an
accuracy of ±1°C. The measurement time was about 60 min.
Em50 water potential collector consisted of five sensor interfaces
used to collect and store data. This testing process is shown in

Figure 3, and the moisture content design for the test soil is
shown in Table 2.

2.2.2 Moisture Migration Test Under Cyclic Diurnal
Temperature Variation
In this test, a one-dimensional moisture migration test apparatus
of soil column (Figure 4) was developed to explore the
mechanism of moisture migration in subgrade soil covered
with a closing layer under cyclic diurnal temperature variation.
The apparatus is mainly composed of a soil column model, an
impermeable lid, a moisture monitoring system, a temperature
monitoring system, and an infrared light.

The soil column is used to simulate the one-dimensional
subgrade model and it is a closed system with no moisture
supplied to simulate the condition of deep groundwater level.
The soil column is 65 cm high with a diameter of 20 cm. On the
side of the soil column, small holes with a diameter of 0.5 cm are
placed at 5 cm intervals along the vertical direction to arrange the
moisture and temperature sensors. The impermeable lid is used to
simulate the semi-rigid type base covering on the subgrade. The
moisture and temperature data are acquired by a Mini-Trase
moisture collector and ECR 90 paperless temperature recorder,
respectively. The infrared light is fixed above the soil column to
control the temperature of the soil column and simulate sunshine
conditions.

In order to reduce the testing error, two parallel tests were
conducted, and specific test steps were as follows. Firstly, the sand
samples with the optimummoisture content were prepared. Then
the soil samples were filled in layers into the soil column with a
compaction degree of 98%. During the filling process,
temperature and moisture sensors were buried at 5 cm, 10 cm,
20 cm, 30 cm, 40 cm, 50 cm, and 60 cm depth of soil column. The
sensors were arranged in the middle of the soil layer. The
temperature and moisture sensor was separated by 2 cm to
assure that each reading was independent, as shown in
Figure 5. After the soil column was filled completely, the
impermeable lid was placed closely on the soil column. Then,
excess holes and space between the sensors and the holes, and
excess space between the impermeable lid and the soil column
model were carefully sealed with glass glue to prevent water vapor
exchange between the soil and the environment. Finally, the
infrared light was fixed above the soil column, and the light
was adjusted to regulate the temperature at the top of the soil
column. The maximum temperature at the top of the soil column
model was controlled at approximately 45°C to simulate the
extreme work condition of the subgrade. Subsequently, the test
apparatus was placed in a constant temperature environment to
prevent the impact of climate change on the experiment. The
cyclic diurnal temperature variations 40 times were conducted in

TABLE 1 | Physical properties of the test soils.

Soil Type Specific Gravity Compaction Characteristic

Optimum
Moisture Content (%)

Maximum
Dry Density (g/Cm3)

Sand 2.67 9.0 1.60

FIGURE 1 | Grain size distribution curve for the soil.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 8474633

Mao et al. Moisture Migration in Unsaturated Sand

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


this experiment. A diurnal temperature cycle is 24 h. In a cyclic
diurnal temperature variation, infrared light irradiated the soil
column for 14 h to simulate the sunshine condition during the
daytime, and at other times lights were turned off to simulate
night conditions.

3 RESULTS AND DISCUSSION

3.1 Matric Suction Considering
Temperature Variation
3.1.1 Non-isothermal Extension of SWCC Model
The matric suction test results are shown in Figure 6. It can be
seen that the matric suction decreases with the increase of
temperature and moisture content, which proves the water
holding capacity of unsaturated soil is negatively correlated
with temperature. Meanwhile, the effect of temperature on the
matric suction for sand with different moisture content is
different (Figure 6). For the soil sample with 5–20% moisture
content, the matric suction decreases linearly with the
increase in temperature, as shown in Figure 6B. Taking the
soil sample with 9% moisture content as an example, the
matric suction decreases 0.076 kPa/°C from 0 to 45 °C.

However, the variations character of 0.5% moisture content
is different from 5 to 20% moisture content, as shown in
Figure 6A. When the temperature is less than 11 °C, the matric
suction reaches the maximum measurement range of the test
instrument, 100,006 kPa. According to the characteristics of
the curve, the curve greater than 11°C is divided into two-
stages, a rapid decay stage and a slow decay stage. For the
rapid decay stage, the matric suction decreases 7,544 kPa/°C
from 11 to 24°C. For the slow decay stage, the matric suction
decreases 78.6 kPa/°C from 24 to 45°C. The change rate of
matric suction for sand with 0.5% moisture content decreases
with increases in temperature. The experimental results
indicate that the effect of temperature on matric suction
for soil with low water content is significantly greater than
that of soil with high water content.

To characterize the effect of matric suction under the different
temperatures on moisture migration, a model describing the
relationship between matric suction, moisture content, and
temperature should be established.

Firstly, the SWCC at 0°C, 15°C, 25°C, 35°C, and 45°C is fitted by
VG models based on matric suction test results. The VG model
was proposed by Van Genuchten in the 1980s, which was often
used to fit SWCC, as shown in Equation 1:

FIGURE 2 | TEROS 21 water potential meter. (A) TEROS 21 water potential sensor; (B) Em50 water potential collector.
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θ � θr + θs − θr
[1 + (αΨ)n]m (1)

Where θ is the moisture content (%), θr is the residual moisture
content (%), θs is the saturated moisture content (%), Ψ is the
matric suction (kPa), α is the parameter related to the intake state
(kPa−1), n is the parameter related to the pore size distribution of
the soil, and m is the parameter related to the overall symmetry of
the SWCC, m � 1 − 1/n.

The fitting results show that the related coefficients are all
higher than 0.9, as shown in Figure 7 and Table 3, which
confirms that the SWCC fitted by VG models is good. The
SWCC shifts to the lower left with the temperature increases,
which also proves the matric suction of unsaturated sand is
closely related to temperature.

Secondly, the parameters of the VG model (θr, θs, α, n) with
the temperatures are fitted exponentially, as shown in Figure 8.
The exponential fitting function models are shown in Equation 2:

y � y0 + A × exp(−T/t) (2)
Where y0 A, and t are fitting parameters, T is temperature (°C),
and y is the parameters of the VG model (θr, θs, α, n).

The fitting results show that the related coefficients are all
higher than 0.99, as shown in Figure 7 and Table 4, which
confirms that the parameters of the VG model and temperature
fitted by Equation 2 are good. The relational expressions between
the parameters of the VG model and the temperatures are
obtained, as shown in Equations 3–6:

θs � 19.17 − 0.37e0.029T (3)
θr � 0.34 + 0.16e−0.041T (4)
α � 0.24 − 0.14e−0.012T (5)
n � 3.67 + 2.98e−0.018T (6)

FIGURE 3 | Test process of matric suction. (A) Fill soil sample; (B) Fill
complete; (C)Connection the acquisition instrument; (D) Put specimens in the
thermostat.

TABLE 2 | Moisture content design.

Designed Moisture
Content (%)

0 5 9 15 18

Measured moisture content (%) 0.5 4.5 8.8 14.5 18.8

FIGURE 4 | Moisture migration test apparatus.

FIGURE 5 | Arrangement of sensors.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 8474635

Mao et al. Moisture Migration in Unsaturated Sand

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Finally, Equations 3–6 is fed into Equation 1 and the non-
isothermal SWCC model is acquired, as shown in Equation 7:

θ � 0.34 + 0.16e−0.041T

+ (18.83 − 0.37e0.029T − 0.16e−0.041T)
[ 1

1+((0.24−0.14e−0.012T)Ψ)3.67+2.98e−0.018T]
(1−1/(3.67+2.98e−0.018T))

(7)

3.1.2 Validation of the Modified Model
In order to verify the rationality for the above model, the SWCC
at 10°C, 20°C, 30°C, and 40°C is acquired by the above model and

then compared with the measured value of matric suction at 10°C,
20°C, 30°C, and 40°C from the matric suction test. It became clear
that the calculated SWCC is highly close to the measured value, as
shown in Figure 9. It indicates that the non-isothermal extension
of the SWCC model is rational, which may offer support for
analyzing the water migration mechanism.

3.2 Moisture Migration Under Cyclic Diurnal
Temperature Variation
A previous study indicated the temperature in subgrade changes
periodically. The matric suction test results show that the change
in temperature would change the matric suction of unsaturated
soil, and affects the moisture migration. So, the temperature
change in the soil column is analyzed. Plus, the mechanism of
moisture migration is analyzed considering cyclic diurnal
temperature variation.

3.2.1 Temperature Distribution in the Soil Column
Figure 10 shows the temperature variation in different soil layers
at a cyclic diurnal temperature variation. Before the light turned
on, the temperature of the whole soil column was about 4.2°C,
which was the same as the temperature in the thermostatic
chamber. After the light turned on, the temperature in the

FIGURE 6 | Matric suction for unsaturated sand with different moisture
content and temperature. (A) 0.5% moisture content; (B) 5–20% moisture
content.

FIGURE 7 | SWCC with different temperatures.

TABLE 3 | Fitting parameters of SWCC.

Temperature (°C) θs (%) θr (%) α (kPa−1) n m R2

0 18.8 0.50 0.105 6.6 0.8485 0.9410
15 18.6 0.42 0.121 6.0 0.8333 0.9611
25 18.4 0.40 0.138 5.5 0.8181 0.9580
35 18.2 0.38 0.148 5.2 0.8076 0.9523
45 17.8 0.36 0.157 5.0 0.8000 0.9673
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upper soil layer kept rising. The top soil layer reached the highest
temperature after the light was turned on for 10 h, about 45.2°C.
The heat transferred from the top to the lower soil layer. Thus, the
temperature in the lower soil layer increased gradually with the
rise of the temperature in the upper soil layer. The bottom of the
soil layer was less affected by the light. Because of the hysteresis of
heat transfer, the temperature reached its maximum after the
light was turned on for 14 h, about 7.8°C. After the light turned
off, the temperature of the soil column gradually decreased due to
the influence of the thermostatic chamber with lower
temperatures. After the light had been off for 10 h, the
temperature of the whole soil column gradually dropped down
to 4.2°C. Obviously, the upper soil layer is more readily affected by
external temperature compared to the lower soil layer. Wang et al.
(2015) also concluded that temperature fluctuations decreased
gradually from top to bottom by field monitoring of the

temperature inside a subgrade in a high evaporation area.
That demonstrated that the temperature condition simulating
the actual engineering in this experiment is rational.

3.2.2 Variation of Moisture Field
Figure 11 shows that the moisture distribution of two-time
points in a cyclic diurnal temperature variation when the light
turns on for 14 h (daytime) and turns off for 10 h (night)
varies with test times. Under the effect of the cyclic diurnal
temperature variation, the moisture in the upper soil layer
(0–38 cm) gradually migrated to the lower soil layer
(38–65 cm). It is noteworthy that the moisture migration
quantity in the 0–38 cm soil layer varies with time. On the
first day, the moisture migration quantity in the 0–38 cm soil
layer linearly reduced with the increase of depth. The
maximum moisture migration quantity presents in the top
soil layer. On other days, the moisture migration quantity
increases at first and then decreases with the increase of depth.
The maximum moisture migration quantity presents in the
10 cm soil layer. So, the moisture distribution in the 0–38 cm
soil layer presents a non-monotonic characteristic apart from
the first day.

In addition, there are differences in the moisture distribution
between daytime and night at different test times, as shown in
Figure 11. In the early trials (0–3 days), the moisture content in
the upper soil layer in the daytime is higher than that at night,

FIGURE 8 | Relationship between the fitting parameters of the VG model and temperature. (A) θs and temperature; (B) θr and temperature; (C) n and
temperature; (D) α and temperature.

TABLE 4 | Exponential fitting parameters.

Fitting
Parameters of SWCC

y0 A t R2

θs (%) 19.17 −0.37 −34.40 0.9951
θr (%) 0.34 0.16 24.33 0.9940
α (kPa−1) 0.24 −0.14 84.64 0.9948
n 3.67 2.96 54.08 0.9945
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while the moisture content in the lower soil layer in the daytime is
lower than that at night. For example, on the first day, the
moisture content in the 5 cm soil layer was changed from
13.0% in the daytime to 12.7% at night, and the moisture
content in 60 cm was changed from 15.5% in the daytime to

15.9% at night. It demonstrated that in the early trials, the
moisture migrated downward from the upper soil layer to the
lower soil layer at night. After 3 days, the moisture content in the
upper soil layer at night is higher than that in the daytime, and the
moisture content in the lower soil layer at night is lower than that
in the daytime. For instance, on the 30th day, the moisture
content in the 5 cm soil layer was changed from 11.0% in the
daytime to 11.5% at night, and the moisture content in the 60 cm
soil layer was changed from 18.8% in the daytime to 18.4% at
night. It showed that at night the moisture migrated upward from
the lower soil layer to the upper soil layer in this period.

The moisture distribution in the 0–38 cm soil layer presents a
non-monotonic characteristic, which is related to water vapor
migration affected by diurnal temperature variation. In this
experiment, the decrease of moisture in the upper soil layer
led to the shrinkage of the soil layer appearing at the top of
the soil column, as shown in Figure 12. When the experiments
finished and the lid was removed, some of the liquid water still
clung to the bottom of the lid and the wall of the cylinder. Due to
the shrinkage that existed in the soil column, there was empty
space between the lid and the soil column. So, the moisture on the
bottom of the lid cannot come from liquid water migration. The
above phenomenon confirmed that the vapor water migration led
to moisture accumulation in the upper soil layer. For water vapor
migration, the liquid water in the soil column transformed into
water vapor with the increase of temperature in the soil column
after the light was turned on. Due to the impermeable lid on the
soil column, the abundant water vapor in the upper soil layer

FIGURE 9 | Comparison between the measured value and SWCC acquired by extended model. (A)10 °C; (B)20 °C; (C)30 °C; (D)40 °C.

FIGURE 10 | The temperature variation in soil column in a
temperature cycle.
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accumulated beneath the lid. After the light turned off, the water
vapor accumulated beneath the lid condensed into the liquid
water due to the temperature in the upper soil layer sharply
decreasing. Then this part of liquid water migrated downward
under the action of gravity and replenished moisture for the
upper soil layer (0–10 cm). Therefore, the moisture distribution
in the 0–38 cm soil layer presents a non-monotonic characteristic
(Figure 11).

As mentioned before, the moisture distribution in the soil
column is the result of the mixed migration of liquid water and
water vapor. For liquid water migration, the driving force is mainly

FIGURE 11 |Comparison of moisture distribution in a cyclic diurnal temperature variation when the light turns on 14 h (daytime) and turns off 10 h (night) at different
times. (A) 1 day; (B) 3 days; (C)7 days; (D) 10 days; (E) 20 days; (F) 30 days.

FIGURE 12 | The shrinkage of the soil column.

FIGURE 13 |Matric suction of soil column in a cyclic diurnal temperature
variation when the light turns on 14 h (daytime) and turns off 10 h (night) at
different times.
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gravity andmatric suction. Gravity leads the liquid water migration
downward. The influence of matric suction on moisture migration
in soil column is affected by the soil temperature that varied with
diurnal temperature differences. To search the effect of matric
suction at different test times on liquid water, the matric suction of
soil column in a cyclic diurnal temperature variation when the light
turns on for 14 h (daytime) and turns off for 10 h (night) at
different times is calculated by Equation 7 based on the
moisture distribution and the temperature in the soil column.
Figure 13 shows that the soil matric suction varies with the cyclic
diurnal temperature variation. Based on the obtained results, the
change mechanism of moisture field in soil column under cyclic
diurnal temperature variation is illustrated. After the light turned
on, the matric suction in the soil column decreased gradually with
the increase of temperature in the soil column. The gravitational
and matric potential for the upper soil layer has the same direction
of action. Therefore, the liquid water in the upper soil migrated
downward under gravity and matric potential, and a small part of
liquid water transformed into water vapor. That is the main reason
leading to the increase of moisture content in the lower soil layer
and the decrease of moisture content in the upper soil layer, as
shown in Figure 11. After the light turned off, the matric suction in
the soil column increased gradually with the decrease of
temperature. The gravity and matric potential for liquid water
has a different direction of action. The liquid water migrated under
the combined effect of gravity and matric potential. In the early
trials, the gravity was more than the matric potential. The liquid
water migrated downward. So, the moisture content in the upper
soil layer decreased and the moisture content in the lower soil layer
increased from 1 to 3 days, as shown in Figure 11. However, the
matric suction in the upper soil layer increased with the decrease of
moisture. The matric potential was against gravity and made the
liquid water migrate upward. The moisture content in the upper

soil layer increased, and the moisture content in the lower soil layer
decreased from 7 to 30 days, which also indicated that the liquid
water migrated upward under the action of matric potential. It can
be seen that diurnal temperature variation would lead to the change
of matric suction of unsaturated soil, and then make the moisture
dynamically migrate. And the phenomenon that moisture migrates
downward and upward under the temperature difference cycle is
defined as of “moisture circulation of covering effect” in this paper.
Yao et al. (2021) also conducted that there existed moisture
circulation in unsaturated soil.

3.2.3 Influence of Test Time on Moisture Migration
Figure 14 shows that themoisture distribution of the soil columnwhen
the light turns on for 14 h at a cyclic diurnal temperature variation
varied with time. As shown in Figure 14, the curve for moisture
distribution of soil column gradually coincides, which means the
change rate of moisture gradually decreases with time. Here, the
ratio of soil moisture change quantity to the trial time is used to
describe the changes in water migration. Figure 15 shows that the
change rate of moisture migration in different soil layers varies with
time. Positive and negative values represent an increase and decrease in
moisture content, respectively. It is noteworthy that the maximum
increase and decrease rate of moisture migration is in the 60 and 5 cm
soil layers in the early trials, respectively. After 3 days, the decrease rate
in the 5 cm soil layer is inferior to that at 10 and 20 cm, and the
maximum decrease rate is presented in the 10 cm soil layer, which is
related to condensation of water vapor accumulating beneath the lid.
According to the change characteristics of the curve, the experiments
are divided into three stages, rapid change stage (0–10 days), slow
change stage (10–30 days), and stabilization stage (after 30 days), as
shown in Figure 15. The change characteristic of the curve in different
soil layers is roughly the same. So, take the soil layer at 60 cm as an
example, themoisturemigration rate is 1.4%/day from0 to 1 day (stage
Ⅰ). The moisture migration rate is 0.03%/day from 10 to 20 days (stage
Ⅱ). After 30 days (stageⅢ), the moisture migration rate tends to 0%/
day, whichmeans the change rate ofmoisturemigration decreaseswith
time and the soil column moisture field reaches stable status.

FIGURE 14 | Moisture distribution of the soil column along the depth.

FIGURE 15 | The change rate of moisture with time in different soil layers.
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That also indicates that there exists disequilibrium in the
“moisture circulation of covering effect” between daytime and
night. By the 30th day, the quantity of moisture migration in the
daytime is higher than that at night. So, the moisture distribution
shows that the moisture content in the upper soil layer decreases,
and the moisture content in the lower soil layer increases, as
shown in Figure 14. After 30 days, the quantity of moisture
migration during daytime and night was the same, which
demonstrated that the “moisture circulation of covering effect”
reached a dynamic equilibrium and dynamic circulatory between
the daytime and night.

4 CONCLUSION

(1) The matric suction for unsaturated sand decreases with the
increase of temperature and moisture content. And the matric
suction for unsaturated sand with lower moisture content is
affected by temperature more than that with high moisture
content. The non-isothermal SWCC model based on the VG
model is extended, which can sufficiently characterize the effect
of temperature and moisture content on matric suction.

(2) Under the effect of the cyclic diurnal temperature variation, the
mixed migration of liquid water affected by gravity and matric
potential and water vapor influenced by temperature variation
led to moisture migration from the upper soil layer to the lower
soil layer. In the daytime, the temperature of the soil column
gradually increased with time. The matric suction affected by
high temperature gradually decreased. The liquid water migrated
downward under the action of matric potential and gravity. At
night, the temperature of the soil column gradually decreased
with time. The matric suction gradually increased. After 3 days,
the liquid water migrated upward under the action of matric
potential. In addition, the water vapor affected by the high
temperature during the daytime accumulated beneath the
impermeable lid and condensed into liquid water at the night,
which caused the moisture accumulation in the upper soil layer.

(3) The liquid water and water vapor mutually transformed and
dynamically migrated in the soil column under cyclic diurnal
temperature variation. The moisture migrated downward in
the daytime and migrated upward at night under the action
of the driving force, which is defined as the “moisture
circulation of covering effect” in this paper. The change
rate of moisture migration decreases with time and the

soil column moisture field reaches stable status. And the
“moisture circulation of covering effect” reached a dynamic
equilibrium and dynamic circulatory between the daytime
and night after 30 days.
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