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Abstract

Soil in western Jilin, China has the properties of a saline soil, seasonal frozen soil, and a dispersive

soil, in which the freezing process can induce many engineering and environmental problems, including

soil secondary salinization and frost heave. During the freezing process, water, heat, stress, and even

solute interact with each other. Water migration plays an important role in this process. In this paper,

a sampling point in Nong’an, western Jilin was selected for soil collection and experimental tests.

The experiment included two tests: the capillary water test and a water migration test subjected

to freezing. The results showed that the height of capillary water is low, while the water migrates

obviously after the process of freezing in different conditions. The results indicate that the bound water

film hinders the capillary pores, which can impair the matric potential. During the freezing process,

the temperature potential and gravitational potential can drive the water to migrate through the bound

water film. For the soil in western Jilin, temperature potential plays a decisive role in water migration,

but gravitational potential and matric potential have a minor effects.

Keywords: carbonate-saline soil, soil water potential, bound water, water migration

Introduction

Western Jilin Province, located in the Song’nen
Plain, China, is one of the typical soda alkali-saline soil
distribution areas of China. With the passage of time,
the area of salinized ground has increased, and there
is a greater degree of salinization. The salinization
is considered to be related to water migration and is
affected by temperature [1-3]. Two general investigations

*e-mail: wangqing@jlu.edu.cn

for saline soil area in Jilin Provinces were carried
out in the late 1950s and 1980s [4]. In approximately
three decades, the area of saline soil in Jilin increased
from 1.6x10° hm? to 2.3x10° hm? [5, 6]. Between 1980
and 2000, the area of saline-alkali soil and the degree
of salinization increased; however, the area of slight
saline-alkali soil decreased from 69.8% to 9.5%.
The area of moderate saline-alkali soil increased
from 24% to 83%, and the area of severe saline-alkali
soil increased from 6.2% to 7.5% [7]. The ecological
environment in this area is very fragile. The degree
of salinization was aggravated, as shown in Fig. 1.
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Fig. 1. Geological disasters related to water migration in western Jilin: a) Salinization ground, b) Salinization ground, c) Frost heave,

d) Salt expansion.

Salinization harms local agriculture and may decrease
crop output [8, 9]. Thus, the study of the saline soil in
this area is an important research issue.

Previous studies have indicated that soil salinization
has a close relationship with water migration [2, 10].
The northeastern region of China has a temperate
continental climate; thus, western Jilin is a typical
seasonal frozensoil distribution area. It has severe cold
winters and torrid summers. The spring and autumn
are windy and dry due to the monsoon climate of the
medium latitudes. In the summer, moisture migrates
upward to the surface of the soil under the strong
effect of evaporation [10]. Induced by the moisture,
salt is transported and easily accumulates on the
surface, and salinity forms in the soil [10, 11]. In
the winter, the freezing front slowly moves from the
surface downward as the air temperature decreases.
The water in the soil constantly migrates up to the
freezing front [2, 12, 13]. During this process, salt is
dissolved in the water and is transported upward. The
following spring, the salinity gathers once more on the
surface due to evaporation. As a result, salinization
becomes more and more concentrated. The saline
soil has salt expansion, corrosion, and many other
environmental and engineering properties. In addition,
under the freeze-thaw environment, the interactions
of the temperature field, water field, and stress field
may contribute to the complex hydrodynamic coupling
system, leading to water migration and frost heave [14].
Due to the frost heave, some damage to infrastructure
engineering projects may result, such as salt expansion
and frost heave of the highways and different settlement
of subgrades, as shown in Fig. 1. Soil salinization
and the engineering damage in western Jilin harms

regional agricultural production and restricts economic
development. Therefore, to control the increasing
salinization trend of soils and reduce the harm to
engineering projects, it is necessary to investigate the
characteristics of the saline-alkali soil in western Jilin.
For the purpose of systematic study of the saline soils
in Jilin, this study can provide the theoretical basis and
practical significance for studying the water migration
characteristics of the soil in this study area.

This study on water migration in the soil can be
divided into field monitoring and an indoor experimental
simulation. The indoor experimental simulation consists
of the capillary water rise test under natural conditions
and the water migration test subject to freezing. The
freezing test includes an open system and a closed
system. The open system is an experimental condition
in which the soil is subjected to freezing with a water
supplement connected to the soil column at the bottom,
while in the closed system the experiment is carried
out without any water supplement. The site test and
indoor experiments were developed [15] in previous
studies, and the characteristics were summarized. Some
scholars have also focused on unsaturated freezing
soils. Zhou [16] proposed a new method that included
an imaginary pump to investigate the water migration
characteristics of unsaturated soil. In addition to the
freezing conditions, the evaporation processes also
include a process of water migration. To figure out
this process, some researchers also investigated the
interactions among the thermal, suction, and osmotic
gradients during evaporation for a salty soil. The results
indicated that the evaporation process is controlled by
heat flow and is limited by salinity and moisture fluxes
[17]. Basically, due to the strong effects on engineering
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Fig. 2. Position of the sampling point.

and agriculture, many researchers also extended
studies from different viewpoints to study the water
migration properties, such as groundwater table depths
on different conditions, including freeze-thaw and arid
climates [18, 19]. For the soil in western Jilin, some
scholars also carried out experiments to study the
properties of saline soils. Studying the microstructure
of frozen soil in Changchun, Li [20] developed chemical
and mechanical tests; the results showed that the high
proportion of clay particles, the high mineral content,
and the high cation exchange capacity are beneficial
to the formation of water film. Most of the pore sizes
are less than 5 um, which is favourable for water
migration. In the water and salt transfer test in which
the soil was subjected to freezing in Da’an, western
Jilin, Wang [21] explained that the effect of water and
salt migration results from the temperature gradient
and the concentration gradient. Zhao [22] studied
the influence of a single factor on water migration by
changing the initial water content or temperature mode.
Cai [23] studied the effect of tortuosity on the capillary
imbibition in porous media. Zhao [24] modelled the
process of coupled water and heat for the soil in
freezing and thawing conditions. Robert [25] carried out
experiments to study salt crystallization in the process
of brine percolating upward and discussed the potential
damage to masonry, foundations, and roads. However,
only a fraction of the studies concerned the water
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migration characteristics and soilwater potential of the
soil in western Jilin.

The present study investigates the characteristics
of water migration for the saline soil in Western Jilin
and provides a mechanism discussion, which involves
the driving force of water migration during the freezing
process. Combined with previous studies [26, 27],
the typical areas where saline soil is distributed were
selected for study. In this paper, the sampling point is
located near the Aobaotu farmland in Nong’an, western
Jilin (Fig. 2).

Materials and Methods

The soil in the experiment was collected from
a depth of 40 cm. According to the “Specification of
soil test (SL237-1999)”, the particle size distribution,
physical properties, and the chemical components were
tested. The basic physicochemical properties are listed
in Table 1. The experimental soil in the study has a high
content of clay particles and is considered to be silty
clay according to the rules of DT-92. On the basis of
the Code for the design of building foundations
(GB50007-2002), it is recognized as clayey from the
index of plasticity . In summary, the soil that we
studied has a high content of clay particles and high
content of salt, in which the content of sodium (Na")
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Table 1. Basic physicochemical properties of the studied soil.

Particle distribution proportion
Silt % Clay % Name Natural water content Plastic limit L1.qu1d1ty Consistency

% % index state

61.0 31.4 Silty clay 31.1 21.1 0.32 Plastic

Chemical properties
The total soluble salt Na* So» HCO, Cl Oreanic matter q
% mmol/kg mmol/kg mmol/kg mmol/kg & p

1.27 164.9 17.2 14.2 8.9 0.9% 7.63

is the highest. Under the guidance of technical code for
building in saline soil regions (GB/T 50942-2014), it is
also considered to be a carbonate-saline soil if

= I +2507 S e value o or the studie

soil is 0.31; thus, it is carbonate-saline soil.
Experimental Scheme

In the experiment, the samples were prepared in
cylinders that were 5 cm in diameter and 20 cm in
height. The experiments were carried out in an open
system and closed system in order to study the water
migration characteristics. The different freezing modes
consisted of unipolar freezing and bipolar freezing.
The different freezing temperatures were -15°C and
-5°C. In addition, a test of different temperature gradient
directions was developed to investigate the soil water
potential for water migration. Based on the experiments,
the key points of this paper are as follows:

1) Characteristics of capillary water rise in unfrozen
condition.

2) Characteristics of water migration in the condition of
unipolar freezing.

3) Characteristics of water migration under the different
freezing modes and different freezing temperatures.

4) Discuss the driving force of water migration for the
studied soil and analyze the different characteristics
under the different conditions.

Table 2 shows the details of the experimental
programs.

Experimental Installation

The experiments are mainly based on the “rock
and soil freezing-thaw trial and error imitating
comprehensive experimental platform with ultracold
condition,” which was independently designed and
invented by the department of geotechnical engineering
of the construction engineering college in Jilin
University.

The equipment consisted of two temperature-
controlled boxes, which were marked as 1 and 2. The
height of the temperature boxes was 30 cm. Each box
had an independent attemperator. The temperature was

controlled at the range of -30~+30°C. The precision
was 0.1°C. Thermal insulation layers exist between
the temperature-controlled boxes, which were made
of insulating materials and were 20 cm thick. Several
holes were drilled in the thermal insulation layers, and
the diameter was 5 cm. These holes were designed to
carry out the experiments of water migration and salt
transportation.

Experimental Methods
Preparation of Soil Samples

In the experiment, the soil samples were collected
from a depth of 40 cm at the sampling point in
Nong’an, western Jilin. First, the optimal water content
was determined as 22% through the compaction test.

Spegimen2 |
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Fig. 3. Capillary water rise test.
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Fig. 4. Schematic diagram of the test apparatus and the studied soil sample.

The maximum dry density was 1.63 g/cm®. Then, in
accordance with the different compaction degrees, the
designed dry densities were determined. All of the
soil samples were mixed with distilled water so that
the water content reached 22%. Finally, the soil was
compacted in the soil columns. The original salt content
of the samples was maintained.

Capillary Water Rise Test

Following the results of the experimental
programmes, the samples with optimal water content
and different degrees of compaction were designed to be
in 60cm organic glass tubes. Under natural conditions,
the colour of the columns changed due to the capillary
water rise. During the test, the height of the capillary
water was measured and recorded every hour. After
24 h, the rate of capillary water rise became slow, and
the height was recorded every 6 h. Fig. 3 shows the
capillary water rise test.

Water Migration Test

First, install the samples. The thermal insulation
layer between the temperature-controlled box 1 and 2 of

Table 2. Experimental scheme

the “rock and soil freezing-thaw trial and error imitating
comprehensive experimental platform with ultracold
condition” were applied. As shown in Fig. 4, the thermal
insulation layer was 20 cm in height, and the samples
were fixed vertically in the thermal insulation layer.

Second, adjust the experimental system. To study
water migration under the freezing conditions in the
open system, the water supply system was applied in
temperature- controlled box 1. The water supply system
can provide water supplement at the bottom of the soil
column so that the water of the samples can be supplied
without stress. In contrast, the water supply system was
not used in the closed system.

Third, control the temperature. Before the
experiment, the samples were put into a temperature-
controlled box, and the temperature was adjusted
to +10°C so that the initial temperature of the soil
temperature was +10°C. In the experiment of unipolar
freezing, the temperature of box 2 was set as a negative
value, and the temperature of box 1 was kept +10°C all
the time. This ensured that the freezing could occur
from the top to the bottom. In the bipolar freezing
experiment, both of the temperature boxes 1 and 2 were
adjusted to negative values, as needed. The details of the
experimental programmes are listed in Table 2.

. .. Samples Degree of Temperature at | Temperature at .
Experimental conditions number compaction the top/°C bottom/°C Annotation
1 85% +10 +10 Open system, with water supply
Capillary water rise test N :
+ +
(Unfrozen) 2 90% 10 10 Open system, with water supply
3 95% +10 +10 Open system, with water supply
4 85% -15 +10 Closed system, freezing 5 days
Water migration test 5 85% -15 +10 Open system, freezing 5 days
(Freezing condition) 6 85% -15 -5 Closed system, freezing 5 days
7 85% -5 -15 Closed system, freezing 5 days
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Fourth, test the water content. After the freezing
experiment, the column samples were immediately
removed, and the soil column was cut into pieces at
a thickness of 2 cm. In total, 10 pieces of data for the
water content were tested for each sample.

Mathematical Theory

Water migration in the soil is mainly caused by the
unbalanced state in the soil-water system. The driving
force of water transfer is defined as soil-water potential,
which is composed of matric potential y , gravitational
potential W, pressure potential 7 and temperature
potential .

vEy, ty ty iy

For the unsaturated soil in natural conditions, water
migration is mainly influenced by the matric potential
and gravitational potential. In this paper, the short-
range adsorption is ignored, and the matric potential and
gravitational potential contributes to the driving force in
the capillary water rise test [28].

v=y, Ty,

In freezing conditions, the temperature potential
gradually formed, and the water transfer was also
influenced by the temperature potential. The freezing
tests show that the water always transfers toward
the freezing parts under the temperature gradient.
Ignoring the influence of matric potential, water
migration for the studied soil that was subjected
to freezing conditions was also influenced by the
temperature gradient. The soil water potential can be
expressed as:

vEy oty Ty,

The stress in the soil can be reflected through pore
stress. In the freezing process, the water may freeze
and become ice. Considering the phase change, the
relationship between temperature and pressure can be
expressed by the Clapeyron equation as [29]:

u,+p, U +tp, =Lln(£)
pw pi TE)

In freezing, the pore pressure is composed of pore
water pressure and pore ice pressure, regardless of the
pore gas pressure:

u=yu, +(1=10)u

. where y is a function of void ratio and the unfrozen
water content; y = (0 (1 + e)/e)'"”.

From the above, the temperature can be determined

through the pore water pressure u , namely the

temperature potential and the pressure potential
can be comprehensively expressed by pore water
pressure. On the basis of dimensional transformation,
the soil water potential is determined in the form of
water head

u
Y =z+—=
p.&g
...where z is the water head for the gravitational potential
and u  is the pore water pressure.

Results and Discussion

After considering the experimental system, freezing
modes, and degrees of compaction, 7 samples were
studied in the capillary water rise test and water
migration test in freezing conditions. The results are
compared and discussed in this section.

Capillary Water Rise Test

The capillarity of the water in the soil in the
unfreezing natural condition was considered. Three
soil columns of different compaction degrees, which
were mixed with optimum water content, were fixed in
the experimental flume. Each soil column had a porous
stone at the bottom. At the beginning of the experiment,
the water migrated upward, and the rising height of
the capillary water tended to be steady after 48 h.
The final rising height of capillary water was measured
at 3.2 cm, 3.0 cm, and 2.7 cm after 30 days. Fig. 5
shows the experimental results. We conclude that all
the capillary water rising height of the different
compaction degrees were very small. Moreover, the
final rising height of the capillary water was related to
the compaction degree. The higher the compaction
degree, the smaller the final rising height of the capillary
water.

Fig. 5. Final height of capillary water rise.
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Fig. 6. Final height of capillary water rise.

Water Migration Test under Freezing Conditions

In the capillary water rise test, the rising height
of capillary water was very small. Thus, to determine
the influencing factors of water migration, 4 tests
were carried out that considered the influence of the
experimental system, freezing modes, and freezing
temperature. Due to the result that all of the rising
heights of the capillary water were small, compaction
of 85% was selected in the water migration test under
freezing conditions.

(I) Analysis of the water migration test in the open
system and closed system. Under the unipolar freezing
condition, the temperature of the top side was adjusted
to -15°C, and the bottom temperature was set to +10°C.

20
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Fig. 7. Characteristics of water migration in the different freezing
modes.

The experiment for the fourth sample was carried out
in the closed system, while the experiment for the fifth
sample was carried out in the open system in which the
water supply system was applied at the bottom. Fig. 6
shows the distribution of water content along with the
soil columns. The figure consists of three curves: one
is the initial water content, and the other two curves
are the water content distributions for the samples
after 5 days. It is obvious that the distribution shapes
for these two samples are similar. Both for the fourth
and fifth samples, the water content increased above
7 cm and the water content reaches the peak value at
7 cm. In the closed system, the water of the unfrozen
zone migrates upward to the frozen zone constantly,
resulting in the water content decreasing below 7 cm.
In the open system, there is a water supply system at
the bottom, and the water migrates upward under the
driving force resulting from the temperature potential
[2]. Thus, the water content of the sample in the open
system increases greatly, and the water content of the
unfrozen also increased. At the position around 7~8
cm, water gathered and water content increases signally.
It is because after freeing for a long time, the
temperature distribution along the soil column tends
to be stable, the freezing front is around the position of
7 cm, and the water in the unfrozen has plenty time to
migrate to this position.

(2) Change of the distribution for the water content
along the soil column in different freezing modes in
the closed system. The same experimental system was
selected to study the influence of the freezing modes:
unipolar freezing and bipolar freezing. For the fourth
sample, the top temperature was set at -15°C, and the
bottom temperature was set at +10°C. For the sixth
sample, the top temperature was adjusted to -15°C and
the bottom temperature was -5°C. Thus, there was
unipolar freezing for the fourth sample and bipolar
freezing for the sixth sample. Fig. 7 gives the water
content distributions before the experiment and after
freezing for 5 days. The distribution characteristics
were different between these two samples. Under the
temperature gradient, water transferred up to the frozen
zone in the fourth sample. In the condition of bipolar
freezing, water in the sixth sample migrated to both
ends. As a result, the water content of the middle part
decreased and the water content of both ends increased.
There were two freezing fronts moving in the sixth
sample. One moved from the top downward; the other
from the bottom upward. Because the top temperature
was lower than the bottom temperature, the upper
freezing front moved faster than the other freezing front.
Thus, the water in the soil column froze rapidly and
had no time to migrate upward. In contrast, there was
relatively more time for the water to migrate downward.
Thus, the amount of water that migrated downward was
more than that which migrated upward.

(3) In the closed system, the sample was subjected
in the same bipolar freezing mode, but the temperature
gradient direction was different. For the sixth sample,
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Fig. 8. Characteristics of water migration in different temperature
gradient directions.

the top temperature was adjusted to -15°C, and the
bottom temperature was -5°C. For the seventh sample,
the top temperature was adjusted to -5°C, and the
bottom temperature was -15°C. A comparison of the
water content distribution after freezing 5 days between
Samples 6 and 7 is shown in Fig. 8. The water content of
both ends increased, and the water content in the middle
parts decreased for both of the samples, indicating that
the water transferred from the middle parts to both ends
of the soil column in the process of bipolar freezing. In
Sample 6, the minimum value was at the 7 cm position,
which was 18.5%. In Sample 7, by contrast, the peak
value appeared at the height of 12 cm, where the water
content decreased to 20%. In addition, the amount of
water that migrated downward is greater than that which

100 ¢
80 F
S 60 f
(0]
&h
s
5
S 40 f
5
[a )
20 F
0 1 1 1 w"f‘:.r 1
100 10 1 0,1 0,01

Pore diameter/um

Fig. 9. Pore size distributions of soil samples with different
compaction degrees.

Fi

migrated upward in Sample 6, and the maximum value
at the bottom reached 26%. However, Sample 7 showed
the opposite result and the maximum value at the top
was 24.6%. Considering that the gravitational potential
is in the vertical direction, the experimental results
indicate that gravitational potential affects the water
migration slightly, and the water migration is mainly
influenced by the driving force of the temperature
potential.
Analysis of Water Migration

The pore size distributions of the samples with
different compaction degrees were studied using the
AUTO-PORE 9500 Mercury injection apparatus to
understand the characteristics of water migration.
Fig. 9 shows the pore size distribution curves of
different samples with different degrees of compaction.
To describe the characteristics of pore distribution,
different views have been proposed to determine the
size grades by summarizing and studying the pore size
characteristics of different kinds of soil samples [2, 30].
According to the literature [31], the pores of the clayey
soil samples can be divided into macro pore, large pore,
mesopore, fine pore, and micropore. The boundaries of
the pore sizes are 40 um, 4 um, 0.4 pum, and 0.04 pm,
respectively. Informed by this rule, the pore distributions
of the samples were divided, as shown in Fig. 10.

The results indicate that the pore size distribution
characteristics of the samples at three degrees of
compaction are similar. The mesopore, fine pore,
and especially the large pore, have a high content.
A comparison of the three different degrees of
compactions, the proportions of fine pore, micropore,
and macro pores show that they are similar. As the
degree of compaction increases, the proportion of
mesopore increases, but the proportion of large pores
and macro pores decrease. This is because the large
pores and macro pores are compacted in the compaction
process, and the range of influence is 0.4~4 um.

As we know, the capillary size for the soil is
mainly in the range of 0.002~0.5 mm. Thus, it can be
determined that the proportion of the capillary pores in
this range for the compaction degrees of 85%, 90%, and
95% are 48.8%, 46.1%, and 41.0%, respectively. Due
to these characteristics of the pore size distributions,

50
BE85%
40 B90%
2 3 B95%
Lo
=T
=
2 20
[
T
~ 10
0

micropore fine pore mesopore large pore  macro pore

—

g. 10. Proportions of the different size pores.
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the final height of capillary water for the sample with
85% compaction degree is relatively higher.

The capillary water rise test was carried out in the
open system with water supplied at the bottom. Under
the effect of soil-water potential, capillary water rises
through the soil pores. Moreover, the mercury injection
test showed that the proportions of capillary pores
of all the samples were over 40%. Theoretically, the
rising heights of the capillary water should be obvious.
However, the experiments show low heights, indicating
that the water at the bottom did not rise through the
capillary pores. Thus, under the effects of matric
potential and gravitational potential, capillary water
rises a little, and the matric potential and gravitational
potential have small effects on the height of capillary
rise for the studied soil. As a result of the analysis, we
conclude that the results are related to the soil texture
and properties, which are mainly influenced by two
properties. First, the proportion of clay grains is high,
at more than 30%. The proportion of organic matter is
more than 0.9%. Since the proportions of organic matter
and clay grains are small in size, their specific surface
area is high, and the surface energy is also high. As a
result, thick, diffused double layers of the grains are
more casily formed, and the voids among the particles
become small or are even blocked. Second, the soluble
salt test shows that the salt content is high, especially for
Na*. When the soil is subjected to water, Na* is dissolved
in the water. When the clay particle contacts the water,
the high valence cations absorbed on the surface of the
particles are displaced by Na', as follows:

N o
0l
+nNa" = ... +R"
Nat grain
a

n

[ Soil
R™

grain

Under a certain value of the thermodynamic
potential, ¢, if the content of Na' in the diffused
double layer is high, the attraction of the clay particle
to the single action in the diffused double layer is low.
Thus, the distance between action and the clay particle
increases. Then, the electrokinetic potentialincreases,

Soil
particle

Capillary
channel

Strongly
bound
water

Loosely
bound
water

and the diffused double layer becomes thicker. As
a result, the overlapping water film is formed and
absorbed around the soil particles. The water film
becomes thicker, and the capillary pores among the
soil particles become smaller or are blocked when the
thickness of the water film is over a certain value.
Fig. 11 shows the schematic diagram. Due to this
process, the rising height of capillary water for the
studied soil was low.

The water migration test under freezing conditions
indicated that the water migrates under the effect of
freezing. As discussed in the capillary water rising
test, the bound water film was thick, which blocked the
capillary pores, and the capillary water could not rise.
As we know, there are different kinds of water that
exist, including gravity water, capillary water, bound
water, crystal water, and others. The freezing order
of the water in the soil is gravity water—capillary
water—bound water [15]. Thus, during freezing, the
capillary water will first turn to ice, and in this process,
the upward migration of unfrozen water is mainly in
the form of bound water. Therefore, it is the bound
water that migrates through the overlapping water film
under the temperature gradient. Comparing the unipolar
freezing in a closed system with that in an open
system, the water migration has the same rule, which
is that water always migrates from the unfrozen zone
to the frozen zone. In the closed system, heat transfers
quickly, and the temperature near the top decreases
rapidly to the freezing point, and the water in the
unfrozen zone does not have enough time to migrate
upwards. Thus, the increased amount of water content
of Sample 4 is small. With the increasing freezing
time, the distribution of temperature along the soil
column tends to be stable, and the freezing front
is approximately at the 7 cm position. Water has
enough time to migrate to this position; thus, the water
content at this position reaches a peak value of 27.3%.
The water content below this position obviously
decreases. This is because this part is unfrozen all the
time, and the water in this part has migrated up to
the frozen zone. In the open system, the water content
distribution shape of Sample 5 is similar to that of

Overlapping

water film

Fig. 11. Diffused double layer becomes thick when clay particles are subjected to water.
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Sample 4, but the values are higher. The water content
value of the frozen zone is approximately 30%. It
reaches the maximum value at the 7cm position, and the
peak value is 40.5%. Due to the water supplement at the
bottom, the unfrozen water constantly transfers to the
frozen zone through the overlapping water film.

Compared to the unipolar freezing and bipolar
freezing in the closed system, water always transfers
toward the freezing part. After freezing for 5 days, the
7 cm position was the boundary between the frozen
and unfrozen zone of Sample 4. The water content of
the frozen zone increased but decreased in the unfrozen
zone. The maximum value was approximately at the
7 cm height. Bipolar freezing was developed in the
closed system; the bottom temperature was -5°C and
the top temperature was -15°C. In the freezing process,
the bound water migrated to both ends. Along the soil
column, the water content at the height of 5~11 cm
decreased, and it reached the minimum value of 18.5%
at 7 cm. Close to the bottom, the maximum water
content was 26%. In addition, the increased amount
of water content near the top was smaller than at the
bottom because the top temperature was lower than the
bottom, and the heat transferred rapidly close to the top.
During the freezing process of the top, the unfrozen
water had no time to migrate upwards, whereas the
heat at the bottom transferred relatively slowly, and the
unfrozen water in the soil had more time to migrate to
the bottom. Thus, from the above results, we conclude
that the water migration under freezing conditions is
the migration of bound water, and the driving force
consists of gravitational potential and temperature-press
potential.

In the closed system, both Samples 6 and 7 were
under bipolar freezing conditions. From Fig. 8, we see
that these two curves are distributed symmetrically. No
matter what the temperature gradient direction is, the
water content near the side of -5°C is higher than that
near the side of -15°C. Additionally, the minimum value
is always 7~8 cm distant from the side of -5°C because
this side’s temperature decreased slowly, and the water
had more time to transfer. When the temperature
gradient direction changed, the water migration was
dominantly influenced by temperature. Thus, during
the freezing process, temperature plays a decisive
role in water migration but is little influenced by the
gravitational potential.

Conclusions

1) The capillary water rise tests for the studied soil
indicate that the final height of the capillary water
is low, at approximately 3 cm. Additionally, the final
height of capillary water is related to the compaction
degrees. The higher the compaction degree, the
lower the height of capillary water. The low height of
capillary water is related to the high content of Na.
The thick bound water film leads to the formation of

an overlapping water film, which blocks the capillary
pores.

2) The experiments indicate that water migration in
the study area is caused by freezing. In the freezing
process, the bound water transfers toward the
freezing parts through the overlapping water film.
In this cold region, the bound water migration in the
freezing condition has a great effect on salt transport.
This paper provides references on further studies of
water-salt migration and the secondary salinization
for the study area.

3) In the freezing process, water migration is affected
by the temperature potential and gravitational
potential. The lower the temperature of the cold
side, the smaller the migration amount. Since the
temperature changes too quickly if the temperature
of the cold side is very low, the water does not have
enough time to migrate.

4) For the soil in western Jilin, the soil water potential
is the driving force during freezing. The temperature
potential plays a decisive role on the bound water
migration, and the gravitational potential and matric
potential have little effect.
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