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Coarse-grained soil is widely used in the seasonal frozen soil region as subgrade filler.
However, substantial frost heave has been observed in coarse filler in high-speed
railway embankments. To investigate the frost heave characteristics of the coarse-
grained soil in a deep seasonal frozen soil zone, indoor tests were carried out under
water supply and no water supply conditions. The effect of water, fineness, and
temperature on frost heave behavior is studied experimentally. The relationship
between the freezing rate and frost heave of coarse-grained soils was analyzed. The
results show that the freezing process of the filler can be divided into the rapid
cooling stage, phase transition stage, slow freezing stage, and freezing stability stage.
In the closed system, the increase of the fine-grained soil does not affect the cooling
process, while the moisture content significantly affects the whole process. In the
opened system, both the fine-grained soil content and the ambient temperature
affect the cooling process. When the ambient temperature decreased from —-5°C
to -15°C, the duration of the phase transition stage decreased by almost 17 h,
whereas when the fine-grained soil content increased from 2.7 to 16%, the duration
of the phase transition stage increased by only 5h. In both opened and closed
systems, the development of the frost heave is closely related to the cooling process.
Approximately 95% of frost heave occurs during the phase transition stage and slow
freezing stage. Frost heave develops most rapidly in the phase transition stage, with
approximately 85% of the frost heave amount occurring in this stage.
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1 Introduction

In recent years, China has built a number of high-speed
railways in seasonal frozen soil regions. Compare with ordinary
subgrade, higher smoothness and stability of track surface
conditions are needed by high-speed railway subgrade.
Although there may be less frost heave in the deep season
frozen soil regions possibly due to larger freezing rates, some
railway lines still face severe frost deformation (Shi et al., 2014;
Niu et al., 2016; Lin et al., 2018; Niu et al., 2020). So as to ensure
the speed and safety of train operation, a series of measures have
been proposed to mitigate the deformation caused by frost heave.
Coarse-grained soil (CGS) is widely used as subgrade filler due to
insensitivity to frost heave and high water-permeability, and it is
one of the most common anti-frost heave measures. However,
according to the actual condition, frost heave still exists in coarse-
grained soil filler (Cai et al., 2016; Niu et al., 2020). In some areas
frost heave amount even reached 20 mm (Lin et al.,, 2018; Niu
et al, 2020), far exceeding the design value (TB 10035
(AuthoreAnonymous, 2006). Therefore, it is significant to
study the frost heave characteristics of coarse-grained soil in
deep seasonal frozen soil.

Zhang (2013) investigated the occurrence, development, and
variation of frost heave of high-speed railway subgrade in cold
regions through field tests. Niu et al. (2017) analyzed the
distribution law of frost heave along with the freezing depth of
high-speed railway subgrade in cold regions by field monitoring and
concluded that frost heave of subgrade mainly appeared in the
bottom of the foundation bed. Tai et al. (2017) (Tai et al.,, 2018)
systematically studied the variation characteristics of the temperature
and deformation fields of subgrade engineering of the Ha-Qi high-
speed railway in the deep seasonal freezing soil zone. With a
continuous understanding of the frost heave mechanism of frozen
soil, some scholars began to study the influence of different factors on
the frost heave of coarse-grained soil (Konrad, 2008; Du et al., 2014;
she et al,, 2019). Through laboratory tests, some scholars found that
augments with fine particles and clay minerals would improve the
frost susceptibility of coarse-grained soil (Vinson et al., 1986; Ye et al,,
2007; Xu et al, 2011; Wang and Yue, 2013), and some scholars
considered that water content, porosity, negative temperature, dry
density, and compaction level affect the frost heave of subgrade (Nie
et al, 2013; Wang et al,, 2016; Luo et al., 2019). Sheng et al. (2014a)
found that frost deformation in a closed system may be offset by the
consolidation deformation of unfrozen soil based on laboratory test
results and that the frost heave mechanism of coarse-grained soil is
determined by a combination of multi-factor (Sheng et al,, 2014b).
Although scholars have conducted considerable research and have
achieved results on the frost-heaving characteristics of the coarse-
grained soil, most of the experiments have been focused on the
factors influencing the development of frost heaving in seasonal
frozen soil regions. Few studies have concentrated on the frost
deformation of coarse-grained soil in the deep seasonal frozen
soil zone.
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FIGURE 1
Grain size distribution of the filler.

In this article, according to the actual conditions that the
railway may encounter in the deep seasonal frozen soil region,
indoor tests were carried out in both closed and opened systems.
The effect of water, fineness, and temperature on frost heave
behavior are studied experimentally, respectively, and the
relationship between the freezing rate and frost heave of
coarse-grained soils was analyzed. The main objective of this
study is to reveal the frost heave characteristics of the coarse-
grained soil in a deep seasonal frozen soil zone.

2 Test apparatus and materials

2.1 Material

The soil, used in freezing procedure experiments, is angular
pebbles, which was all taken from the filler of the embankment at
the Harbin-Mudanjiang high-speed rail. The grain size
distribution and physical properties of the soil are shown in
Figure 1 and Table 1. According to the particle analysis results,
the fine-grained fraction (particle size less than 0.075mm)
accounts for 2.7% of the total mass. The non-uniformity
coefficient C,, and curvature coefficient C,. are 22.2 and 1.95,
respectively, indicating the filler is well graded (when
C, >5and C, =1-3) .

2.2 Test apparatus

The test device is shown in Figure 2, which is composed of a
specimen model, an environmental box (precision: +0.5°C), a
3), a
displacement sensor (precision: £0.01 mm, quantity: 1), and a

temperature sensor (precision: +0.1°C, quantity:
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TABLE 1 Basic physical properties of the soil sample.

Particle composition/% Grain density/(g/cm?) Consistency index of fine-grained soil
>0.075 mm <0.075 mm Liquid limit/% Plastic limit/%
8 270 258 36.02 2025
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FIGURE 2
Sketch of experimental apparatus.

TABLE 2 Test scheme under the closed system. 2.3 Test procedure

Sample Closed system
P ¥ The tests contain closed and opened system tests. Test schemes

are shown in Table 2 and Table 3. Before the test, the filler was added

Temperature ("C) Moisture . . ) .
content (%) with water depending upon the required moisture content, and then
it was enclosed for 24 h. At the beginning of the test, 1 cm thick soil
2.7% fine-grained soil -10 4 6 7 8 was filled at the bottom of the barrel and compacted, and then the
8% fine-grained soil -10 4 6 7 8 remaining soil samples were placed into the Plexiglass barrel three
16% fine-grained soil -10 4 6 7 8 times. The temperature sensors were placed at the fixed position of
soil samples respectively. After the soil sample was filled, the top
plate was covered, and the dial indicator was installed. The
procedure for the freeze heave test under the opened system is
TABLE 3 Test scheme under the opened system. essentially the same as earlier. The difference was that in the opened
system, a 2-cm thick layer of gravel needed to be laid before filling
Sample Open system the soil sample, to the water to be in full contact with the bottom of
) the sample.
Moisture content (%)  Temperature
(0
27% fine-grained sol 4 s -0 -5 3 Results and discussion
8% fine-grained soil 4 -5 -10 -15
16% fine-grained soil 4 5 0 s 3.1 Test results under closed system
3.1.1 Temperature development of sample
water supply device. The specimen model consists of two layers Figure 3 plots the change curve of temperature with time at
of Plexiglas barrels with diameters of 150 and 250 mm. The inner different fine-grained content during freezing. In Figure 3A, the
barrel is placed on a base plate and the glass barrel is filled with temperature from top to bottom is always from low to high
insulating foam. The sensor layout is shown in Figure 2. during the whole freezing process and the curve slope changes
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Temperature development under different moisture contents: (A) 4%; (B) 6%; (C) 7%; and (D) 8%.

with the time of freezing. Based on the curve slope, the whole
process is divided into the following four stages: 1) rapid cooling
stage, 2) phase transition stage, 3) slow freezing stage, and 4)
freezing stability stage.

The rapid cooling stage mainly occurs in the first 20 h. In this
stage, the temperature of the sample decreases at a larger cooling
rate, and the temperature at the top is always lower than the
temperature at the bottom. The duration of the phase transition
stage is mainly between 26 and 28 h, and this process does not
almost change with the increase of fine-grained content. At this
stage, the temperature of each part of the sample tends to be
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consistent and fluctuates around the freezing point, but the
duration of this stage is different in the sample, the middle
and lower parts of the sample lasts longer than the upper part.
With the end of the phase transition stage, the temperature of
samples goes downward to negative and continues to decrease.
This part is called the slow freezing stage. Finally, as the
of the the
temperature, the cooling rate of the sample slows down

temperature sample approaches ambient
rapidly, which is the stage of freezing stability.
It can be seen that the fine-grained content has little effect on

the filler temperature. Therefore, to explore whether the moisture
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Energy changes in each stage.

content has an impact on the temperature, the temperature
development of fillers under different moisture content is
given as follows, as shown in Figure 4.

Figure 4 shows the temperature development under different
moisture content when fine-grained content is 2.7%. It can be
seen that the temperature curve is almost the same, but the
duration of different stages is different with the change in the
moisture content. The duration of stage 1 almost does not
change, whereas, the duration of stage 2 increases with the
increase of the moisture content. When the moisture content
is 4%, the duration is 13 h. The duration is 17 h when the
moisture content is 8%, which is an increase of almost 75%
compared to the water content of 4%. Stage 3 changed with the
increase of the moisture content but maintained at about 20 h.
Stage 4 decreases with the increase of the water content. The
development of stage 1 under different factors is almost similar
because the change of the fine-grained soil content and moisture
content has little effect on the thermal conductivity of the soil at
positive temperature. After the sample enters the negative
temperature, the moisture content will have a greater impact
on the temperature change. This is closely related to the cold
energy absorbed in the sample and the latent heat released by
water turning into ice, as shown in Figure 5.

In the phase transition stage, the water in the soil begins
to freeze. At this time, the latent heat released by the water
turned into ice can be balanced with the cold energy absorbed
by the soil sample, so the temperature fluctuates at the
freezing point. In Figure 3 and Figure 4, It can be found
that the duration of this stage in the lower part of the soil
sample is significantly longer than that in the upper part
because the temperature gradient between the upper part and
the lower part of the soil sample is different. The temperature
gradient in the upper part of the sample is always large, the
cold energy absorbed is much higher than the latent heat

Frontiers in Earth Science

05

10.3389/feart.2022.854586

5

The cold energy
Cold energy is absorbed has
greater than dropped, and the
latent heat latent heat released is
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$3

Slow freezing
stage

Freezing stability
stage

released, so the upper temperature always shows a downward
trend. In addition, the duration of this stage is also prolonged
as the moisture content increases. The aforementioned
illustrates that the water content and temperature gradient
will affect the duration of the phase change. The smaller the
temperature gradient and the higher the water content, the
longer will be stage 2.

In the slow freezing stage, soil temperature began to decline
gradually. This is because the cold energy absorbed is greater than
the latent heat released. At this stage, the cold energy absorbed by
the soil and the latent heat released are decreasing over time. The
unfrozen water content decreases rapidly with the decrease of
temperature, so the latent heat released is less. The temperature
gradient of soil samples gradually decreases with the decrease of
soil temperature, which makes the cold energy absorbed by soil
samples gradually decrease. However, the absorbed cold energy is
always greater than the released latent heat, so the temperature of
the soil sample begins to decrease gradually.

In the freezing stability stage, the temperature difference
between the sample and the external environment is getting
smaller, and the unfrozen water content is not changing, so the
temperature of the soil sample gradually tends to be stable.

3.1.2 Frost heave of sample

Figure 6 shows the frost heave deformation process and
Figure 7 plots the comparison of frost heave results.

The proportion to the temperature change and frost-heaving
results of the samples can be found that the development of frost
heaving is closely related to stage 2 and stage 3. Table 4 indicates
that stage 2 and stage 3 contribute more than 95% to frost
heaving, and stage 2 contributes more than 80%. With the
moisture content increasing, the proportion of frost heaving
generated by stage 2 increases in the total amount. When the
moisture content is 8%, the proportion reaches 93%. In the early

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.854586

Huang et al.

Ao | ;
| |
€0.8 - Stage2 | Stage3 Stage4
[ ]
e QL
o 0 e
T
<= 04f
o
8
i 0 —#— fine grained content 2.7%
2 —o— fine grained content 8%
—A— fine grained content 16%
0.0 : : : :
20 30 40 50 60 70
Time (h)
C 30 - .
1
25 Stage2 : Stage3 E
= A
£ 20 : “‘““:‘o
Nt A oP
o AA‘f .o=:===:ll'
15t apeghilin®
2 Col
Z10r
i = m= fine grained content 2.7%
0.5 —{ — o— fine grained content 8%
. — A— fine grained content 16%
00 1 1 1 1
20 30 40 50 60 70

Time (h)

FIGURE 6

10.3389/feart.2022.854586

oy)
[ 5]
f=}

1 1
1 1
1 1
@1 5 Stage2 |  Stage3 i Staged
= ! ..E (11}
= 1 L1
o .-;;;,xnx 2222
< 1.0 l,
o
=
@
Lg 0.5 —f — B= fine grained content 2.7%
h — @— fine grained content 8%
— A~ fine grained content 16%
00 1 1 1 1
20 30 40 50 60 70
Time (h)

D 40 | ;
35 - :
2D Stage2 : Stage3 C

30 1 ad
TYYVITLL
& s l"“ql ]
) 1
z20F f
=
- 1.5 I~ ’
%2} I
o
& Lok l - m=— fine grained content 2.7%
0.5 _{ — @~ fine grained content 8%
y — A~ fine grained content 16%
00 1 1 1 1
20 30 40 50 60 70

Time (h)

Frost heave of samples under different moisture contents: (A) 4%; (B) 6%; (C) 7%; and (D) 8%.

| 4% /1 6% R optimum [/ 8%

12 1.1 1.16 1.14

Frost heave ratio /%
o
~

2.7% fine grained 8% fine grained 16% fine grained

Sample

FIGURE 7
Frost heave ratio of samples under different moisture
contents.

stage of freezing, due to the temperature gradient, the liquid
water in the soil is quickly frozen so that the frost heave rate of
soil samples is larger, and the frost heave deformation increases

Frontiers in Earth Science

rapidly; after entering the slow freezing stage over time, the
unfrozen water content decreases with the decrease of
temperature (Leng et al, 2010), so the frost-heaving rate of
soil samples decreases gradually, and the growth trend of
frost-heaving deformation becomes slow. After reaching the
stage of freezing stability, the unfrozen water in the filler has
basically no longer changed, so the frost-heaving rate drops
gradually and finally reaches stability. Therefore, it is
necessary to pay attention to the influence of frost-heaving
deformation on the structure at the early stage of freezing,
especially the influence of the phase transition stage on frost-
heaving deformation.

1) Influence of water content on frost heave

It can be seen from Figure 7 that the frost heave ratio of the
sample increases with the increase of the water content. When
the water content is lower than 6%, the increase of the frost heave
rate of the sample is small, and then the increasing trend
accelerates. The influence of the water content on frost heave
is mainly related to the volume increase of ice. When the water
content is low, the volume increment after water freezing can be
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https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.854586

Huang et al.

TABLE 4 Proportion of frost heaving in each stage.

Moisture Fine-grained  Phase transition stage
content content
(%) (%) Increment The
(mm) proportion
of frost
heave
4 2.70 0.56 0.79
8 0.55 0.85
16 0.55 0.82
6 2.70 1.20 0.87
8 1 0.78
16 1 0.82
7 2.70 1.50 0.86
8 1.60 0.82
16 1.85 0.81
8 2.70 2.70 0.94
8 2.70 0.93
16 270 0.95

filled into the pores, so no frost heave occurs. However, with the
increase of water content, the volume increment cannot be
completely offset by pores, so the frost-heaving amount of
filler increases.

2) Influence of fine-grained soil content

Figure 7 shows the fine-grained soil content almost does not
affect the frost-heaving ratio of coarse-grained soil under the closed
system, because there is almost no water migrating under the closed
system. It is well-known that the frost heave of frozen soil is caused
by water migration and accumulation to the freezing front. Under
closed systems, water cannot freely migrate and gather, so frost
heaving does not manifest. Under the closed system, subgrade
engineering filler containing fine particles will freeze under the
action of negative temperature when the moisture content is
high, which will produce a large frost heave. Under the same
moisture content, the frost-heaving amount of filler does not
increase with the increase of the fine-grained content.

3.2 Test results under opened system

3.2.1 Temperature development of Sample

The temperature development curve of each sample at the
upper, middle, and lower positions under different fine-grained
content is displayed in Figures 8A-C.

Figure 8 plots the temperature curve of different fillers at —10°C,
in which the initial moisture content is 4%. It can be seen that the
cooling process under the opened system can also be divided into
four stages: 1) rapid cooling stage, 2) phase transition stage, 3) slow
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Slow freezing stage Freezing stability stage

Increment The Increment The

(mm) proportion (mm) proportion
of frost of frost
heave heave

0.11 0.15 0.04 0.06

0.05 0.08 0.05 0.08

0.07 0.10 0.05 0.07

0.15 0.11 0.03 0.02

0.25 0.19 0.04 0.03

0.15 0.12 0.07 0.06

0.20 0.11 0.05 0.03

0.20 0.10 0.15 0.08

035 0.15 0.07 0.03

0.15 0.05 0.02 0.01

0.19 0.07 0.02 0.01

0.13 0.05 0.02 0.01

freezing stage, and 4) freezing stability stage. However, different
from the closed system, due to the supply of water, the development
of each stage is different with the fine-grained content. The duration
of the phase transition stage increases with the increase of the fine-
grained content. The change of the slow freezing stage is not
manifested. The time to reach stage 4 increases with the increase
of the fine-grained soil content. These changes are related to the
migration of water in the filler. The bigger the fine-grained content,
the more water can migrate to the freezing front during freezing. The
more energy is released when water becomes ice, so the whole
process will change.

Figure 9 shows the temperature curve of filler at different
temperatures. The whole cooling process is also divided into four
stages. However, it is obvious that the ambient temperature will
have a huge impact on the whole cooling process. The lower the
ambient temperature, the shorter is the phase transition stage, the
larger is the slope of the slow freezing stage curve, and the less
time it takes to reach the freezing stability stage. This is because
the temperature gradient increases with the temperature drops,
which makes the cold energy transfer more quickly and blocks
the process of moisture migration to the freezing front.

3.2.2 Frost heave of sample

Figure 10 indicates that the frost-heaving development of the
samples under different temperatures is very different. The start time
of frost heaving under —5°C, —~10°C, and —15°C is about 33, 20, and
13 h, respectively, while the duration of frost-heaving development is
30, 20, and 10 h, respectively. Meanwhile, the frost-heaving amount
of the sample is also significantly different under different
temperature conditions. The frost-heaving amount is the largest
at —10°C and the smallest at —5°C. In addition, under the same
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temperature, the higher the content of fine-grained soil, the greater is
the frost heave. According to Figure 10, combined with Figure 8 and

Figure 9, it can be found that the frost-heaving amount of the phase

transition stage accounts for about 85% of the total. This is because
lots of liquid water was frozen. In the slow freezing stage, due to the

system

decrease of the unfrozen water content in the soil, the growth trend of

frost-heaving rate and frost-heaving deformation of soil samples is
slowed down. In the freezing stability stage, owing to the unfrozen
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water content almost no longer changing, the frost heaving rate of soil
samples decreases and tends to be stable.

1) Influence of fine-grained content on frost heave under open

As can be seen from Figure 11, the frost heave ratio of the
sample grows with the increase of the fine-grained soil content,
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FIGURE 11
Frost heave ratio of samples under different moisture
contents.

and the frost heave ratio of all soil samples is beyond 1%, which
means that the frost grade is weak frost at least (TB 10035
(2006)). Figure 11 indicates the fine-grained soil in filler will exert
a huge effect on the frost heave. As we all know, there is little
bound water in coarse-grained soil, and there is almost no frost
heaving during freezing. When fine-grained content in coarse-
grained soil gradually increases, on the one hand, the bound
water content increases, so that the bound water in the lower soil
layer migrates to the freezing front under the action of molecular
gravity and osmotic pressure. On the other hand, the capillary
phenomenon began to appear, which make the water of the lower
part migrate to the freezing front through the capillary channel.
Fine-grained content is small because the capillary phenomenon
is not significant. The frost heave rate is consistent with the result
under the closed system. However, with fine-grained content
increases, the capillary phenomenon begins to become obvious,
so the frost heave rate begins to increase significantly. Therefore,
in the design and construction of high-speed railway subgrade
frost-proof layer filler in large rainfall and cold regions, the
content of fine particles in the filler should be controlled,
especially for low embankment, zero-section replacement
subgrade and cutting. Cement modified coarse particle filler
can be filled when needed.

2) Influence of ambient temperature on frost heave

Figure 11 displays the frost heave ratio is the largest at —=10°C,
followed by —5°C, and the smallest at —15°C. However, Figure 8
shows that when the ambient temperature is —5°C, the
corresponding stage at the end of the test is stage 3, and the
frost heave at this time is almost the same as that at —10°C.
Therefore, the final frost heave of the soil sample at —5°C may be
greater than the frost heave at —10°C. This is similar to the
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findings of Peng and Liu, 2010) and Xu et al. (2010), the lower the
freezing temperature, the smaller is the frost heave. The cooling
rate is related with freezing temperature, the temperature is lower
and the cooling rate is bigger. When the cooling rate is large, the
soil freezing surface moves downward rapidly. At this time, weak
bound water and capillary water in the soil cannot migrate to the
freezing area and freeze to ice in situ, and the capillary channel is
blocked by ice crystals. Therefore, the migration and
accumulation of water will not occur, and ice interlayer
cannot be seen in the soil layer. Only ice crystals scattered in
the soil pores, and the frozen soil formed at this time generally
has no obvious frost heaving. In contrast, when cooling rate is
small, the freezing duration is increased, which can promote the
migration and accumulation of water in the unfrozen area to the
frozen area. Migration and accumulation of water can form ice

interlayer in the soil, resulting in obvious frost heave.

3.3 Analysis of results

The frost heave results of the opened system and the closed
system are compared, and the results are shown in Figure 12.

Figure 12 shows the frost heave ratio under opened system
conditions greater than the closed system, which means the
external water source as one of the important factors, leading
to the frost heave. In the closed system, the freezing process is
greatly affected by the moisture content. In the opened system,
fine-grained content, ambient temperature, and water migration
will have a greater impact on the freezing process of filler.
Combined with the temperature development of filler, it can be
found that in the four stages divided, the aforementioned factors
have the greatest impact on stage 2, and 85% of frost-heaving
deformation is completed at this stage. In other words, the
development of stage 2 has a huge influence on the frost heave
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of filler, and the development of stage 2 is closely related to the
absorbed cold energy and the latent heat released by the phase
change. In the closed system, when the ambient temperature is
constant, the greater the moisture content, the longer is the
duration of stage 2. This is because the greater the moisture
content, the more latent heat is released during freezing. In the
opened system, the smaller the fine-grained content is, the shorter
is the stage 2 duration when the ambient temperature is lower. This
is because the content of fine particles affects the migration of
water, and the ambient temperature affects not only the migration
of water but also the absorption of cold energy per unit time.

The frost heave rate under the opened system is much
larger than that under the closed system, and the values are all
greater than 1%, ranging from 1.2 to 3.4%. This indicates that
the recharge of moisture is an important factor in the
occurrence of frost heave. Therefore, in order to be able to
further analyze the relationship between temperature and
frost heave of the soil itself, the effect of moisture
migration on temperature needs to be further considered.
Subsequent work will focus on the effect of moisture
migration on soil temperature and frost heave and the link
between temperature and frost heave.

4 Conclusion

Based on the detailed analyses of the experimental results, the
following conclusions can be made:

1) According to the change process of the test temperature, the
cooling process of the sample can be divided into four areas
according to the development of time: I) rapid cooling stage;
2) phase transition stage; 3) slow freezing stage; and 4)
freezing stability stage.

2) In the closed system, the variation of the fine-grained soil has
a small effect on the cooling process, while the change in the
moisture content significantly affects the whole process. The
phase transition stage is the most affected stage and the higher
the water content the longer is the duration of the stage.

3) In the opened system, both the fines content and the ambient
temperature affect the cooling process, but the ambient
temperature has a greater effect on the cooling process than
the fines content. When the ambient temperature was reduced
from —5°C to —15°C, the phase transition stage was shortened by
nearly 17 h, whereas when the fines content was increased from
2.7 to 16%, the phase transition stage was increased by only 5 h.

4) In both opened and closed systems, the development of the
frost heave is closely related to the cooling process. Freezing
occurs mainly at the phase transition stage and slow freezing
stage, and approximately 95% of the freezing occurs at these
two stages. The most rapid development of frost heaving
occurs at the phase transition stage, where approximately 85%
of the frost heaving is generated.
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5) The frost heave rate under the opened system is much larger
than that under the closed system, and the values are all greater
than 1%, ranging from 1.2 to 3.4%, which indicates that moisture
migration is an important factor in the occurrence of frost heave.
Therefore, subsequent work needs to focus on the role of
moisture migration in the overall frost heaving.
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