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Abstract. An unsaturated seasonal frozen soil slope of the Dandong-Altay highway is used as the research object. This paper is
based on vapor-liquid migration and heat conduction multi-field coupling theory. The ice-water phase transition and vapor-liquid
transition of water are also considered. The empirical relationship between unfrozen moisture content and ice volume fraction is
introduced. A numerical model of the whole freeze-thaw process is established. The results show that: during the freezing period,
the freezing depth increases faster before the temperature drops to the annual minimum temperature. Before entering the
thawing period, the freezing depth is close to the maximum. After entering the thawing period, ice melting continuously absorbs
heat from the frozen layer. Under the two-way action of external warming and geothermal heat, the deep freezing depth does not
decrease for a long time. But it increases slowly and then decreases gradually. When the unsaturated soil slope is unfrozen, the
engineering hazards of the slope caused by the migration of vapor are relatively small. After it enters the freezing state, the
influence of vapor migration will increase significantly. The total volume moisture content of the frozen area is about 0.08 m*/m?

higher than without considering vapor migration.
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1. Introduction

Frozen soil generally refers to soil with a temperature of
less than or equal to 0°C and containing ice. Climate
change, as the dominant factor in the distribution of frozen
soil, affects the depth and extent of frozen soil distribution.
In turn, the changes of frozen soil affect the ecological and
climatic systems. Seasonal frozen soil is in the upper part of
the annual temperature change layer, closer to the surface.
Therefore it is more sensitive and responds more rapidly to
climate change. Seasonal freezing and thawing processes
affect the mechanical properties (Cheng et al. 2021,
Jumassultan et al. 2021, Tang et al. 2020, Yilmaz and Fidan
2018) and water-energy cycles of the soil (Jiang et al.
2023). In the seasonal frozen environment, the slope soil is
generally unsaturated. To study the characteristics of water-
heat migration in slope is essential to analyze the law of
water-vapor-heat coupling migration. While the traditional
water-heat models (Harlan 1973, Lai ef al. 2014, Oneill and
Miller 1985, Taylor and Luthin 1978, Zhou et al. 2014)
consider that the contribution of vapor migration to the
water migration of the whole frozen soil can be ignored.

However, it is found that in regions with a high
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groundwater level and low moisture content, vapor
migration is the main component of water migration in
unsaturated seasonal frozen soil slopes. And the role of
vapor migration in water-heat migration is crucial
(Eigenbrod and Kennepohl 1996, Nakano et al. 1984).
Philip and Vries (1957) first applied the local balance
assumption in thermodynamics to the study of vapor
migration in soil pores, investigated the migration processes
of liquid water and vapor under non-isothermal conditions,
and established the water-vapor-heat coupling migration
equation about soil, which was the initial the PDV model.
Subsequently, Some scholars completely described the
water-vapor-heat coupling and confirmed the role of liquid
water and vapor in the migration of thawed soil water and
energy (An et al. 2017, Saito et al. 2006, Zeng et al. 2011).
But the above models are developed for thawed soil. Zhang
et al. (2018) established a coupling model of soil-surface-
atmosphere energy balance and soil internal water-heat
change considering the phase transition of liquid water and
vapor, moisture convective heat transfer, and water vapor
migration. Then they analyzed liquid water and vapor
migration patterns in the active layer under real-field
meteorological conditions by this coupling model.

As can be seen, after years of intensive research by
many scholars, there are relatively more theoretical research
results on the water-vapor-heat coupling migration of
unsaturated soil. But most of the studies use one-
dimensional models and do not consider the influence of the
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whole process of freezing and thawing. The research results
are difficult to directly serve the unsaturated soil slopes
under the long-term action of the seasonal frozen
environment. In this paper, for unsaturated seasonal frozen
soil slopes, the relationship between matric suction and
saturation is determined by van Genuchten's model
(Vangenuchten 1980). We introduce an empirical
relationship between unfrozen moisture content and ice
volume fraction. These relations are introduced into the
framework of the non-isothermal water-vapor-heat coupling
PDV model considering the mass-energy balance proposed
by Philip and Vries (1957). Then, by introducing the
Heaviside function to characterize the ice-water phase
change process during freeze-thaw, the PDV model is
extended and modified. Based on numerical simulations, we
reproduce the periodic process of formation, expansion,
thawing, and disappearance of frozen layers on unsaturated
seasonal frozen soil slopes. And we reveal the migration
law of vapor and liquid water in the slope under the effect
of ambient temperature and investigate the effect of vapor
migration on the moisture content of the slope before and
after freezing of unsaturated soil slopes.

2. Theory of water-vapor-heat coupling migration in
unsaturated seasonal frozen soil slopes

2.1 Mass conservation equation

Water migration in unsaturated frozen soil includes both
liquid water and vapor migration, and both are controlled by
water potential gradient and temperature gradient. The
governing equation is based on the non-isothermal water-
vapor-heat coupling migration model (PDV model),
considering the mass-energy balance proposed by Philip
and Vries (1957). It combines the Richards equation, which
characterizes the migration of liquid water, and Fick's law,
which characterizes the migration of vapor. And it considers
the effects of matric suction gradient, gravitational gradient,
and temperature gradient. The governing equation for
water-vapor migration on unsaturated seasonal frozen soil
slopes can be written as
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Where 6 is the total volume moisture content, 6; is the
volume moisture content of liquid water, §; is the volume
content of ice, 6,=p..HO0s-0-6;)/p. 1s the equivalent vapor
volume moisture content; H, is the relative humidity,
H,=exp(hMg/RT); z is the vertical coordinate; / is the water
head corresponding to the matric suction; ¢ is the time; K
is the isothermal hydraulic conductivity due to the hydraulic
gradient, K, is the isothermal gas conductivity, K;7 is the
non-isothermal hydraulic conductivity due to temperature
gradient, K, is the non-isothermal gas conductivity; 7 is the
slope soil temperature.
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Where S, is the effective degree of saturation, which can
be described by the van Genuchten model
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Where, a, n, and m are the fitting parameters of the soil
water characteristic curve of unsaturated soil; 65 is the
saturated moisture content of unsaturated soil, 6, is the
residual moisture content; K is the saturated permeability
coefficient; y=(75.6-0.1427-2.38x10*T%) is the surface
tension of water, y=71.89 g's?, G,r is the parameter
characterizing the soil water characteristic curve influenced
by temperature, generally taken as 7; D is the vapor
diffusivity in the soil, D=2.12x103(T/273.15)% M is the
molar mass of water, M=0.018 kg/mol; g is the acceleration
of gravity; R is the gas constant, R=8.341 J-mol!-K*!;

Where p,s is the saturated vapor density, which is
expressed as

exp(31.37-6014.79T * ~7.92x10°T)

: (7)
10°xT
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Where 7 is the enhancement factor, which is expressed
as

4
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Where f. is the mass fraction of clay particles in the soil,
taken as 0.05.

2.2 Heat conservation equation

Considering the evaporation and condensation phase
change processes in unsaturated soil together, the
controlling equation for heat migration in unsaturated soil
can be expressed as
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Where C,=C,0,+CO+C,0,+Ci0; is total specific heat
capacity of soil; C,, C;, C,, and C; are the solid phase
specific heat capacity, liquid phase specific heat capacity,
gas phase specific heat capacity, and ice specific heat
capacity, respectively; 6, is the volume fraction of the solid
phase, 8,=1-6;; p. and p; are the density of water and ice,
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respectively; L,~=2.501x10°-2369.2T is the latent heat of
evaporation of water; L; is the latent heat of freezing of
water, taken as 334.56 kJ/kg.

A is the thermal conductivity coefficient of the slope
frozen soil, obtained by the exponential method (Anderson
and Tice 1973)

BEA R A a0

Where A, A, 4 and A, are the thermal conductivity
coefficient of soil particles, water, ice and gas phase,
respectively.

q: and ¢, are the liquid water flux and vapor flux,
respectively, and the expressions are

0 =_KLhV(h+Z)_KLTVT (11)

g, =—-K,Vh—-K,VT (12)

The liquid water content in the slope soil can be
expressed by a segmental function

g = 6, T<T,
"o, T=T, (13)

Where T is the freezing temperature.
6, is the unfrozen water content in unsaturated frozen
soil, expressed as

0, :(es—er){u[—a%j ] +0, T<T, (14)
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6, is the liquid water content in the unfrozen region,
expressed as

0, =(0, —Hr)[1+(—ah)"}_m +0, T=T, (15

By introducing the solid-liquid ratio B(T) to represent
the ratio of pore ice volume to unfrozen water volume in
frozen soil, the equation linking ice volume content,
unfrozen water volume content, and temperature in frozen
soil can be expressed as

6?i=B(T)-(9U (16)
B(T) can be expressed as
b
ﬂ[[lJ —1] T<T,
B(T) =10 |\T, a7
0 T2>T,

Where Ty is the phase change point temperature, which
is -0.3°C this time.

2.3 Heaviside function

The two-dimensional step-smoothed Heaviside function
is introduced to characterize the ice-water transition process
during freezing, as shown in Fig. 1. The expression of the
Heaviside function is
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Fig. 1 Heaviside function
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Fig. 2 Slope geometric dimension diagram

H(T) = flc2hs(T —T,,dT) (18)

Where T is the slope temperature; d7 is the transition
gap, taken as 0.3°C.

3. Water-vapor-heat coupling simulation of slope

3.1 The values of physical and mechanical
parameters

Taking a typical unsaturated soil slope on the Dandong-
Altay highway as an example, the slope height is 10m, and
the slope ratio is 1:1.5. The lithology is mainly silty clay.
The slope geometry is shown in Fig. 2. The values of the
physical and mechanical parameters of the slope are shown
in Table 1.

3.2 Numerical algorithm and model validation

3.2.1 Numerical algorithm
The governing Egs. (1) and (9) can be expressed in the
following uniform form:

oK

d,—+V.I'=f (19)

Where x={6,T} is the variable in the governing
equation; da is the damping coefficient; I' is the flow
tensor; f'is the source term.

The general solution to Eq. (19) can be expressed as
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Table 1 Main computational parameters

Parameters Value
pi (kg/m?) 1000
pi (kg/m?) 918
Os (m*/m’) 0.50
0r (m/m’) 0.01
a (m™) 0.03
n 1.5
Js (W/m/°C) 1.5
2 (W/m/°C) 0.6
Ji (W/m/°C) 2.3
Ja (W/m/°C) 0.024
K (m/s) 3.2x107
Cr (MJ/m¥/K) 1.92
Cr (MJ/m¥/K) 4.18
Ci (MJ/m¥/K) 2.1
Cy (MJI/m¥/K) 6.3
b 0.56
(d 6—’(,;) +(V-F,;) =(f,;) (20)
d ot o Q Q

Where ¥ is the considered displacement; Q is the
computational domain.

In this paper, the coefficient-type partial differential
equation module in COMSOL Multiphysics is used to
obtain the coefficient-type partial differential equation
system with §; and T as dependent variables. By applying
certain boundary conditions and initial conditions, the
water-vapor-heat coupling migration equation system is
solved.

The slope surface is mainly influenced by the external
ambient temperature. The periodic change of ambient
temperature causes the change of slope surface temperature.
According to the literature (Liu et al 2007), the surface
temperature can be estimated by a sine curve as follows

. (27
T=T,+Asin| —t+
0 (365 ¢’j 1)

Where T is the air temperature, T is the annual average
temperature of the air, a constant; 4 is half of the annual air
temperature range, a constant; ¢ is time; ¢ is the initial
phase.

Taking the Harbin area as an example, the daily
variation of annual average temperature in Harbin from
1971 to 2000 can be expressed as

. (27
T =2.35+20.65sin| —t-57/9
(365 T j (22)

Temperature boundary conditions: The sinusoidal
temperature function shown in Eq. (22) is applied to the
upper surface of slopes. The AB, BC, and CD boundaries
are slope surfaces, directly expose to the air, and the pattern

of temperature change is consistent with the ambient
temperature. That is, the AB, BC, and CD boundaries are
applied simultaneously with ambient temperature loads, and
the remaining boundaries are adiabatic. The perennial
geothermal temperature in this area is around 8°C. In this
calculation, the initial temperature of slopes is set to be 8°C.

Moisture boundary conditions: Rainfall and evaporation
are not considered. At the same time, AB, BC, and CD
boundaries have no water infiltration or seepage. AF and
DE are impermeable boundaries. EF is the recharge
boundary. And the moisture content is set to be constant,
and the saturated volume moisture content is 0.50 m?/m3,
The initial moisture content of slopes is 0.25 m*/m?.

3.2.2 Model validation

In order to check the solution results, this paper is based
on a multifunctional soil freeze-thaw cycle device
independently developed by Institute of Rock and Soil
Mechanics, Chinese Academy of Sciences, as shown in Fig.
3. Freeze-thaw cycle tests on slope soil specimens were
carried out. The material of sample casings is high and low
temperature resistant PTFE, with a height of 150 mm and
an inner diameter of 38.2 mm. A total of 6 temperature
measuring holes with a diameter of 3 mm were set at
intervals of 15 mm along the height of specimens in sample
casings. These holes were used to place temperature sensors
to monitor the changes in the internal temperature of
specimens during freezing and thawing. A layer of black
insulation cotton was wrapped around the outside of the
sample casings to isolate the heat exchange. The inner wall
of sample casings was coated with a layer of petroleum jelly
to facilitate the installation and removal of specimens. Soil
samples were taken on site from the unsaturated soil slope
and compacted according to the natural density to make
specimens with 38 mm diameter and 76 mm height. During
the test, the initial temperature of the specimens was
Tv=20°C, and the dry density of the specimens was 1.57
g/cm®. The pressureless water supply method was adopted.
That was, the water level was always kept flush with the
bottom of the specimens during the freezing process of the
specimens. After the freeze-thaw test, the total moisture
content (unfrozen water and ice) at different heights of the
specimens was tested using the method of moisture content
measurement by stratified slicing.

During the test, the temperature at the top of specimens,
i.e., the cold end, was -30°C, and the constant temperature
at the warm end was 2°C. Meanwhile, the finite element
model was established according to the specimen size by
using the finite element software COMSOL Multiphysics.
The calculated results were verified by the freezing time of
1 h,2h,4h, and 5 h for the temperature change, freezing
front position, and moisture distribution.

The temperature of the soil at the freezing front of the
specimens is assumed to be 0°C. Then the comparisons
between the calculated freezing front position and the actual
freezing front position of the specimen at different freezing
times are shown in Fig. 4, where the actual freezing front of
the specimens is marked with a white line. It can be seen
that the calculated height and the actual height of the
freezing front are both about 55 mm after freezing for 1 h.
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Fig. 3 Apparatus for the freeze-thaw test
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Fig. 4 Change of freezing front during specimen freezing
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After freezing for 2 h, the heights are all about 30 mm.
After 5 h of freezing, the specimen has been completely
frozen, and the height of the freezing front in the simulation
result is about 5 mm. Therefore, the calculated position of
the freezing front is basically similar to the actual position
before the specimens are completely frozen. The variation
of the calculated temperature and the measured temperature
with the freezing time at different heights of the specimens
is shown in Fig. 5. It can be seen that the changing trend of
the calculated temperature and the measured temperature
are consistent, and the values are relatively close, indicating
that the temperature calculation results obtained by the
water-vapor-heat coupling theory are credible.
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Fig. 6 Moisture distribution of specimens with different
freezing time

The comparisons between the calculated value and the
measured value of the total volume moisture content of the
specimens with different freezing times are shown in Fig. 6.

Since the specimens are completely frozen after 5 h of
freezing, only the distribution of the total volume moisture
content inside the specimens at freezing times of 1 h, 2 h,
and 4 h, respectively, is studied. Since the volume moisture
content of equivalent vapor cannot be measured during the
test, the total volume moisture content here only includes
the volume moisture content of unfrozen water and ice
crystals after melting into liquid water. As shown in Fig. 6,
the calculated and measured moisture contents are only
slightly different at the top of the specimens, while the rest
of the locations are close. The overall trend of changes is
basically the same, showing that the moisture contents of
the upper part are higher than the lower part, and abrupt
changes occur in the middle. And the calculated abrupt
change locations are basically the same as the actual abrupt
change locations. The abrupt change of moisture content is
the freezing front. Above the front is the frozen area, and
below the front is the unfrozen area. Because water
migrates from the unfrozen area to the frozen area under the
action of the matric potential and the temperature potential,
the moisture contents of the upper part of the specimens are
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higher than that of the lower part. The above results show
that it is feasible to use the water-vapor-heat coupling
theory to calculate the change in soil moisture content.

In general, the numerical calculation results can well
reflect the actual temperature field of the specimen and the
variation law of the moisture content distribution, which
proves the rationality and correctness of the established
model and parameter values.

4. Simulation results and analysis of unsaturated
soil slopes

4.1 Analysis of slope temperature field

The starting loading time starts from /=270 d (set as the
initial state of the slope). The corresponding ambient
temperature 7=7.24°C at this time is adapted to the initial
geothermal field. The process of four seasons experienced
by the unsaturated soil slope after that is studied. Three key
positions of slope top, slope waist, and slope foot are
selected for freeze-thaw depth analysis, and the
characteristics of freeze-thaw depth change are shown in
Figs. 7 and 8. The vertical coordinate is the burial depth of
the dividing line between frozen soil and unfrozen soil, and
the horizontal coordinate is time. Burial depth means the
vertical distance from the surface of ground. When there is
a dividing line at a certain moment, this burial depth is the
freezing depth. When there are 2 dividing lines at a certain
moment, the larger burial depth represents the freezing

18-
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-10.08

= -13.37

L L L L L L L L 1 == -16.66
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(c)t=375d

18-

15

12

(d) t=460 d
Fig. 9 Temperature field distribution of unsaturated soil
slope at typical moments

depth, and the smaller burial depth represents the melting
depth of the slope after entering the melting period. The
temperature field distribution of unsaturated soil slope at a
typical moment is shown in Fig. 9.

It can be seen from Fig. 9 that when /=291 d, the
ambient temperature is -0.17°C, which is already below the
freezing point. Due to a certain lag in the response
temperature of the slope soil, The surface layer of the slope
starts to freeze and form a frozen layer at =292 d. The
freezing depth gradually increases as the ambient
temperature decreases, and the freezing interface keeps
moving inward. Until the ambient temperature drops to the
lowest temperature (=375 d, 7=-18.3°C), the rate of
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increase of freezing depth is faster at this stage.
Subsequently, the ambient temperature gradually increases
from the minimum to the freezing point, and the freezing
depth still increases with the increase in ambient
temperature. But the rate of increase in the freezing depth at
this stage is slightly smaller than at the previous freezing
stage. And the freezing depth is close to the maximum
before entering the thawing period. At /=460 d, the ambient
temperature is 0.08°C, and the slope enters the melting
period. At this time, the slope begins to melt and forms a
melting layer on the surface layer of the slope. The surface
ice continuously absorbs heat from the frozen layer when it
melts. Therefore, the freezing depth in deep depth does not
decrease immediately under the two-way action of external
warming and geothermal heat. Instead, it shows a small
fluctuation of slow first increase and then decreases. The
thawing depth gradually increases with the continuous
increase of ambient temperature during the thawing period.
Finally, it overlaps with the freezing depth. The freezing
layer disappears. All the frozen soil on the slope melts, and
the thawing period ends. In a complete freeze-thaw cycle,
the freezing period is longer, and the thawing period is
shorter. And the total freezing period is about twice as long
as the thawing period. After that, with the cyclic ambient
temperature change, the slope enters the next freeze-thaw
cycle.

It can be seen from Fig. 8 that the freezing and thawing
periods at the top of the slope are the longest, and the
freezing depth is the largest, with a maximum freezing
depth of 2.62 m. The freezing and thawing periods at the
foot of the slope are the shortest, and the freezing depth is
the smallest, with a maximum freezing depth of 1.92 m.
The reason for this may be that the top of the slope is
subject to the dual action of the original ground and the
slope surface with lower temperatures, while the foot of the
slope is more affected by geothermal heat.

4.2 Analysis of slope moisture field

Fig. 10 shows the distribution of moisture content along
the GH line for typical periods at the slope waist position
before freezing (see Fig. 2 for the location of the GH line).
As seen from Fig. 10, the total moisture content of the slope
surface layer gradually increases as the temperature
decreases before the ambient temperature drops to the
freezing point. The initial moisture content of the
unsaturated soil slope surface layer is low. The temperature
gradient changes less, and the initial matrix potential is in
equilibrium. So the migration of liquid water is extremely
limited. The increase of total moisture content of the slope
surface layer is mainly generated by the migration and
condensation of vapor. The condensation of vapor increases
the moisture in the soil and changes the moisture gradient to
a certain extent. Before the temperature drops to the
freezing point, there is no freezing front because the slope is
not frozen. The total moisture content does not have a peak
value inside the slope, and the total moisture content at the
surface layer is the largest, which only increases by about
0.01 m*m? compared with the initial moisture content
(corresponding to the state at =270 d). Thus, it can be seen

m
0.245 0.250 0.255 0.260 0.265

—=— =270d,7=7.24°C, Initial state
3.0 F —— =280d,7=3.73C
—— =290d,7=0.18C

Distance/m
-
=]
T

7.0

8.0

Fig. 10 Distribution of moisture content at slope waist
(along the GH line) at typical times before freezing

that when the slope is in a positive temperature state, the
increase of the total moisture content at the surface layer is
mainly caused by the migration of vapor. However, due to
the small increase, it is difficult for the shallow soil of the
slope to reach saturation or near-saturation. Therefore, the
engineering hazard of unsaturated soil slope caused by
vapor migration is relatively small.

Figs. 11-13 show the moisture content distribution at
different locations of the slope at some typical times. As
shown in Figs. 11-13, the total moisture content in the
negative temperature area increases significantly after the
ambient temperature drops to the freezing point. The
location of the sudden change of the total moisture content
is the freezing front. The rapid increase of the total moisture
content in the negative temperature area is due to two
reasons: First, after the ambient temperature drops to the
freezing point, vapor will continue to migrate to the
negative temperature area and freeze into ice throughout the
freezing stage. Second, the liquid water in the positive
temperature area rapidly migrates from the positive
temperature area to the negative temperature area under the
action of the matrix potential and the temperature potential.

Most of the migrating vapor and liquid water freezes
into ice near the freezing front, forming a distinct thin ice
layer. A part is held back by the blocking effect of ice,
resulting in a sudden change in the total moisture content
near the freezing front. Only a very small part will cross the
freezing front and continue to migrate to the surface frozen
layer. Because ice hinders migration, the water migration in
the frozen area is almost at a standstill. The total moisture
content in the frozen area remains almost unchanged. As the
temperature continues to drop, the freezing front gradually
moves inward, and the unfrozen area is gradually eroded.
The migration of vapor and liquid water repeats the above
migration process.

As groundwater is located at EF, the foot of the slope is
significantly affected by groundwater recharge. Therefore,
the total moisture content of the unfrozen area below the
frozen front at the foot of the slope is higher. The liquid
water migration is more obvious. The top of the slope is the
farthest away from the groundwater. The groundwater
recharge is the weakest. As a result, the total moisture
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content of the unfrozen area below the freezing front is low.
However, the greater vapor migration at the top of the slope
compensates for insufficient groundwater recharge.
Therefore, the total moisture content of the frozen area at
the top of the slope is not significantly reduced compared
with that at the foot and waist of the slope.
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Fig. 14 Effect of vapor migration on moisture content
when the ambient temperature drops to the minimum

When the slope is in the frozen state, the moisture
content of the shallow layer of the slope is much higher
than in the unfrozen state. The effect of vapor migration on
moisture content when the ambient temperature drops to the
annual minimum temperature is shown in Fig. 14. When the
ambient temperature drops to the annual minimum
temperature, the total volume moisture content in the frozen
area without considering the migration of vapor is about
0.08 m3/m® lower than that when considering the migration
of vapor. This result shows that the absolute value of
moisture increase is significant in the freezing area due to
the action of vapor. It results in an average increase of about
0.08 m*/m?® in the moisture content of all soil above the
freezing front. Once the spring thaw period is entered, the
surface layer melts. There is still a frozen layer in the lower
part of the melting layer for a relatively long period. This
layer blocks the downward migration of water. So the
melting water at the upper part of the freezing front will
gradually collect. The moisture content of the soil at the
freezing front is close to or in saturation. Thus, it may cause
serious engineering diseases and should be paid enough
attention.

5. Conclusions

Through the whole process of freeze-thaw cycle
numerical simulation, the following conclusions can be
obtained:

« This paper is based on the multi-field coupling theory of

vapor-liquid migration and heat conduction in unsaturated
seasonal frozen soil slopes. The ice-water phase transition
and vapor-liquid transition of water are also considered.
The empirical relationship between unfrozen moisture
content and ice volume fraction is introduced. A numerical
model of the whole freeze-thaw process considering water-
vapor mixing migration and heat transfer is established. The
coupling solution of the control equations is realized
through the secondary development of COMSOL
Multiphysics software. By comparing numerical solutions
with laboratory freeze-thaw cycle tests, it is verified that the



Analysis of the water-vapor-heat coupling migration of unsaturated soil slope in seasonal frozen regions 237

established model can accurately characterize the
temperature field change, water-vapor migration, and solid
ice accumulation laws of frozen soil slopes.

* In the freezing period, the slope gradually freezes from

outside to inside, and the freezing depth increases faster
before the ambient temperature drops to the annual
minimum temperature. Before entering the melting period,
the freezing depth is close to the maximum. Entering the
melting period, the melting depth gradually moves from
outside to inside. Ice melting continuously absorbs heat
from the frozen layer. Under the two-way action of external
warming and geothermal heat, the deep freezing depth does
not decrease for a long time. But it shows a gradual change
law of increasing slowly and then decreasing gradually. In a
complete freeze-thaw cycle, the freezing period is longer,
and the thawing period is shorter. And the total freezing
period is about twice as long as the thawing period. The
freezing and thawing periods at the top of the slope are the
longest, and the freezing depth is the largest. The freezing
and thawing periods at the foot of the slope are the shortest,
and the freezing depth is the smallest.

* When the slope is in an unfrozen state, the increase of the

total moisture content of the slope surface layer is mainly
generated by the migration and condensation of vapor, but
the increase is small. At this time, the engineering hazard of
unsaturated soil slope caused by vapor migration is
relatively small.

e When the slope is in a frozen state, the total moisture

content in the negative temperature area increases rapidly
due to the mixing migration of water and vapor. Most of the
upward-migrating vapor and liquid water freezes into ice
near the freezing front, and the total moisture content
abruptly changes near the freezing front. When the slope
enters the freezing state, the influence of vapor migration
will be significant. When the ambient temperature drops to
the annual minimum temperature, the total volume moisture
content in the frozen area of the slope is about 0.08 m3/m?
higher than when the vapor migration is not considered. As
a result, serious engineering diseases may be caused, and
enough attention should be paid to them.
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