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The canals are essential for agricultural irrigation, shipping and industry as important hydraulic 
infrastructure. In the seasonal freeze regions, the water conveyance canals are damaged due to the 
effects of freeze–thaw cycles. The freeze depth of soil in the water transfer canal varies considerably 
due to changes in temperature and water content. This paper compared the relationship of freeze 
depth, temperature and water content by field tests and numerical calculation methods by 
incorporating phase change. The results from present study showed that the decrease in temperature 
causes the water in the soil to freeze, the ice front migrated downwards, and the water in soil below 
ice front gradually migrated towards the ice front resulting in a large difference in water content of 
the soil before and after freezing. The Polyurethane insulation board + Concrete board slope structure 
(PC) as an insulation slope structure was proposed in this paper to mitigate the effect of freezing 
and thawing on the water conveyance canals. The freeze depth decreased significantly under the 
protective effect. In addition, this paper compared the anti-frost effect of different thicknesses of 
polyurethane insulation boards, and the results provided a reference for the anti-frost design of water 
conveyance canals.

Frozen soil is widespread across the world, covering a total area of about 23% of the land  area1. Different types 
of frozen soil cover the territory of China in which the total area of seasonally frozen soil is about 4.76 ×  106  km2 
accounting for about 49.6% of China’s  territory2. Human engineering activities inevitably conduct in seasonal 
freeze regions as the society develops. For example, to solve the drought problems in northern seasonal freeze 
regions, water conveyance canals are usually built to transfer water from water-rich areas to arid areas. The soil 
in seasonal freeze regions shows the characteristics of freezing and thawing under the influence of temperature. 
The water conveyance canals built in the seasonal freeze regions are damaged by seepage and freeze–thaw as 
frost heave, hollow and collapse damage (Fig. 1)3. The frost damage to canals has become a shackle for the safe 
and efficient operation of water transfer projects and economic development for arid and cold regions where 
water resources are extremely  scarce4–7.

Damage to canals in the seasonal freeze regions is influenced by the environmental factors (solar radiation, 
air thermal convection, precipitation, evaporation, etc.), the properties of soil (permeability, water content, gra-
dation, pore space, etc.), the groundwater table and the form of canals (section form and lining structure, etc.)3. 
The study of soil freeze can be traced back to the formulation of first and second freeze  theories8–11. However, 
the theories of freeze in this period are not further developed due to constraints of experimental conditions and 
computational efficiency. Nevertheless, the development of two theories of freeze has contributed significantly 
to the subsequent researches on freeze. Since 1980, technological development has made it possible for scholars 
from various countries to conduct experimental studies on freeze, thus providing great convenience to study the 
interaction between temperature and water in  soils12,13. Kunio and Yurie established the relationship between the 
permeability coefficient, temperature and ice content of the soil by unsaturated soil permeability  tests14. In recent 
years, numerical methods have been widely used in solving freeze issues with the development of computing 
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technology. Numerical calculations make it possible to simulate changes in temperature and water in the soil, 
providing a reference for actual  projects15–17. Li et al. studied the mechanism of freeze in a water conveyance 
canal by numerical simulation and their results showed that the soil frost damage was caused by freezing of water 
in  soil18. In addition, numerical analysis was equally effective in predicting the damage mechanism of lining 
structures, which provided a basis for the design of concrete lining  protection19. In addition to theoretical stud-
ies and numerical simulations, the physical models are also important in the study of freezing effect of  soils15–17. 
Li et al. conducted a soil bag frost protection test to investigate the effect of soil bags, their findings showed that 
soil bags were able to inhibit the migration of water  significantly20.

The aforementioned research focuses on the factors influencing the development of freeze in water convey-
ance canal projects in seasonal freeze regions, as well as the variation characteristics and preventative measures 
based on theory, model tests and numerical simulations. Although numerical calculations, as well as laboratory 
tests, have achieved numerous achievements in the study of hydrothermal characteristics of water conveyance 
canals, the accuracy of the results is questioned at times due to various assumptions and boundary conditions. 
The physical model developed in the laboratory is unable to fulfil the temporal and dimensional effects that affect 
the freeze in the canals. As for the laboratory model tests, although they provide a more realistic reflection of the 
effects of temperature and water on freeze, using just one method (laboratory tests or numerical simulations) is 
inadequate in determining the freezing characteristics of the canals.

The present study examined the freezing behavior and anti-frost effects of canals of Hada Mountain Water 
Conservancy Project to provide information that ensures the stability and operational safety of water conveyance 
canals in such areas. This method solved the limitations of laboratory model tests that cannot meet the time and 
space scales of actual engineering. The general change law of the freezing behavior of water conveyance canals 
was also revealed. Finally, the numerical simulation which adequately considered the effects of ice-water phase 
changes was proposed to provide the important technical guidance for freeze prevention and the optimization 
design of anti-frost structures for water conveyance canals in seasonal freeze regions.

Study area
The Hada mountain water conservancy project is located on the second mainstream of the Songhua River about 
20 km from the southeast of Songyuan City, Jilin Province, China (Fig. 2a,b).

According to the statistics of meteorological data provided by Songyuan City Meteorological Service from 
1971 to 2012 (41 years), the average freeze period is 123 days per year with the longest and shortest frozen periods 
as 146 days and 102 days respectively. Freezing has occurred from 22 October to 29 November and thawing has 
begun from 28 February to 31 March. The important index of coldness in a freeze–thaw cycle is the Freezing 
Index, which is a cumulative of negative daily average temperature (°C) during a freezing period and can be 
calculated based on Eq. (1).

where: If is the Freezing Index (°C·d); t0, t1 are the first and last day of the year when the temperature is below 
0 °C (d); and T is the average daily temperature which is negative (°C).

During 1971–2011, the If of Songyuan City is shown in Fig. 3a with a maximum If of 1999 °C·d, a minimum If 
of 1041 °C·d and an average If of 1443 °C·d. According to the temperature data in Songyuan City (Fig. 3b), the If 
for 2011–2012 is calculated as 1613 °C·d by Eq. (1). The degree of coldness in 2011–2012 is moderate according 
to previous If. The cosine function was fitted to the measured average daily temperature as shown in Eq. (2) 21.

where: T is the ground temperature (°C); t is the time (d); T is the average annual ground temperature (°C), 
T = 4.5◦C ; A is the annual amplitude of ground temperature, A = 23 °C; φ the initial phase, φ = 0.9.

(1)If =
t1
∫
t0
|T|dt,T < 0 ◦C,

(2)T = T+ A cos

(

2

π
t365+ πϕ

)

,
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Figure 1.  Frost damage to canals.
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The main canal length of the Hada mountain water conservancy project is 95.93 km. The canal cross-section 
is trapezoidal. The frost damage to the water conveyance canal under low temperature conditions is a serious 
problem, which threatens the safety of the project. The Polyurethane insulation board + Concrete board slope 
protection (PC) was designed to reduce the impact of frost damage on the water conveyance canal. The soil slope 

was used for the comparison of tests. The different forms of PC and soil slope are shown in Fig. 4.

Experimental analysis
Monitoring methods. To determine the characteristics of freeze depth and the effects of groundwater level 
on the slopes of the canal, 25 m test sections were established at three different locations (hereafter referred to as 
2 km test site, 4 km test site and 47 km test site) in the main canal of the Hada mountain water conservancy pro-
ject. The freeze depth and groundwater level monitoring devices were installed at the top, middle and bottom of 
the slope as shown in Fig. 5. The freeze depth monitoring devices were TB1-1 Freeze Apparatus (Fig. 5b) buried 
at the depth of 2.10 m. The TB1-1 Freeze Apparatus consisted of two parts, the inner tubes and the outer tubes. 
The outer tubes were made of hard rubber tubes marked with a 0 line. The inner tubes were made of soft rub-
ber tubes with centimeter graduations, which were filled with local clean water (river, well or tap water) to the 0 
line. The freeze depth of soil was indirectly measured by measuring the length of ice columns in inner tubes. The 
accuracy of this device was ± 1 cm. Groundwater level was measured by Pressure Hydrometer (Fig. 5c). The sen-

Figure 2.  Detailed overview of the main canal of Hada Mountain Water Conservancy Project ((a) Geographical 
location map of the study area; (b) Satellite map of the study area).

Figure 3.  Temperature characteristics ((a) Freezing index curve, (b) daily average temperature from 2011 to 
2012).
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sor of Pressure Hydrometer was put down into the logging well and when the pressure meter reading changed 
significantly, the length of the logging line was recorded as the groundwater level at this point. The deviation of 
the sensor was less than 0.2% FS.

Freeze depth and groundwater changes. The changes in groundwater level in the region and the 
freeze–thaw lines on the soil slopes between 2011 and 2012 are shown in Fig.  6. The freezing and thawing 
curves of the soil and the groundwater curves of the three test sites were similar during the freeze–thaw cycle in 
2011–2012, the soil started to freeze at the beginning of November and the freeze depth increased till the mid-
February of the year following. The freeze depths in 2 km and 4 km test sites were similar with a maximum freeze 
depth of about 200 cm at the top, a maximum freeze depth of about 150 cm in the middle and a maximum freeze 
depth of about 120 cm at the bottom of the slope. The freeze depth of soil in the 47 km test site was less than 
the previous two test sites with a maximum freeze depth of about 160 cm at the top, 140 cm in the middle and 
120 cm at the bottom of the slope. The freezing remained until mid-March when the soil thaws migrated from 
the surface to the maximum freeze depth. The freezing has almost disappeared by mid-May. The groundwater 
level declined as the freeze depth increased. The groundwater level remained stable as well when the freeze depth 
became stable. The groundwater level rose rapidly with the rise in temperature at the start of April due to the 
release of water from the canal and thawing of soil.

The difference caused by the effects of temperature, wind speed, wind direction and external loads on the 
freeze depth for the same locations of soil was  slight21. The main factor contributing to the difference was the 
effect of water content on the soil. The soil at the bottom of slope had a higher water content than soil at the 
top. The temperature at the bottom of the slope was relatively higher than that at the top because of the effect of 

Figure 4.  Diagram of slopes and protection scheme ((a) Soil slope, (b) PC).

Figure 5.  Field tests in 47 km test site ((a) freeze depth and groundwater table monitoring in the field, (b) 
freeze depth monitoring diagram, (c) groundwater level monitoring diagram).
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latent heat of phase change in water and ice. Therefore, the freeze depth at the bottom was shallower than that 
of the top. The freeze depths were measured at the top of the slope when 5 cm and 6 cm Polyurethane insulation 
boards + Concrete board were used for slope protection. The freeze depths of the soil became shallower as the 
insulation boards became thicker as shown in Fig. 7. The slope protection structure proposed in this paper could 
significantly reduce the freeze depth which was about 80–100 cm comparing with the freeze depth in soil slopes. 
Besides that, the slope thawing was advanced under this type of slope protection, and the freezing of water disap-
peared in mid-April which was as the freezing of water disappeared almost a month earlier.

Water content changes in the soil before and after freezing. The effect of water content on the 
freeze depth of soil was discussed in “Freeze depth and groundwater changes” section. The water content of 
soil was measured before and after freezing at different depths of the top, middle and bottom of slope to further 
verify the conclusions by taking the soil slope of the 47 km test site as an example. The soil water content-depth 
variation curves are shown in Fig. 8. The water content of surface soil in all three locations of slope was around 
10% before freezing in the range of 0–60 cm below the surface, the water content increased with depth as shown 
in the figure. The high water content of topsoil might be related to the infiltration of surface water. The bottom 
of slope was close to the water in canal and the water content of soil at bottom was relatively higher than the 
other two locations due to the action of the flowing water. The water content of topsoil decreased slightly after 
the water in soil froze which was associated with the sublimation of ice. As the ice front migrated downwards 
deeper depth, the unfrozen water gradually migrated towards the ice front causing a high-water content of soil 
than that before freezing. The water content of soil after freezing was lower than that before freezing under the 
maximum freeze depth due to the migration of water in soil. The water content of soil at the bottom of slope was 
the highest and the latent heat of phase change was higher among the three test sites, thus the freeze depth at the 
bottom of slope was less than that at the other two locations of the slope.

Figure 6.  Soil slope—groundwater, freeze depth monitoring curve ((a) 2 km test site, (b) 4 km test site, (c) 
47 km test site. S-T top of slope, S-M middle of slope, S-B bottom of slope).
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Figure 7.  PIB—freeze depth monitoring curve ((a) 2 km test site, (b) 4 km test site, (c) 47 km test site, 
6 cm-Slopes protected by 6 cm thick insulation boards, 5 cm-Slopes protected by 5 cm thick insulation boards).

Figure 8.  Moisture content change curve of the soil before and after freezing ((a) top of slope, (b) middle of 
slope, (c) bottom of slope).
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Numerical model for hydrothermal coupling incorporating phase change effects
Seasonal freeze regions are affected by temperature and water freeze in soil causing frost damage. Philip and 
Devries first proposed the theory of hydrothermal coupling and proposed a nonlinear hydrothermal coupling 
model based on the principle of viscous fluid flow and heat balance in porous  media22. Based on this theory, sev-
eral numerical models of hydrothermal coupling have been proposed, and the problem of hydrothermal coupling 
of geotechnical engineering in cold regions has been successfully resolved. The study of hydrothermal coupling 
has been gradually developed and the application of hydrothermal coupling has been increasing recently. The fol-
lowing assumptions are made in the hydrothermal coupling model to improve the efficiency of the  calculation23:

(1) The soil medium is a homogeneous isotropic pore medium consisting of unfrozen water, ice and soil skel-
eton which does not deform during the freezing process.

(2) Water migration in geotechnical medium without the contribution of air to water migration.
(3) The latent heat and heat transfer processes of water ice phase change is calculated.

The modelling is carried out by temperature and water fields under the aforementioned assumptions and the 
different physical field control conditions are as follows:

Water field equations. The migration of unfrozen water in the soil follows Darcy’s  law24. The Darcy’s Law 
interface contains an implementation of Darcy’s law by using the Storage Model node which explicitly includes 
an option to define the linearized storage S (1/Pa) using the compressibility of the fluid and the porous  matrix25:

where Qm is a mass source representing the additional liquid water due to melting of the ice inclusion; ρ is the 
density of soil (kg/m3); t is time (s); p is the pressure (kPa); ∇ is the Laplace operator; g is the acceleration of 
gravity (m/s2); μ is the dynamic viscosity (Pa∙s); κ is the hydraulic conductivity (m/s); ∇D is the gravitational 
potential gradient; S is the water transfer model calculated according to Eq. (4) 25.

where Sw is the saturation of unfrozen water in the soil; e is the porosity ratio of the soil, as the water in the 
soil freezes, the pores are blocked by ice, resulting in a lower porosity ratio, which can be calculated accord-
ing to Eq. (6); β is the effective compression factor, which is the combined value of water, ice and solid matrix 
compressibility.

The gravity term in Eq. (1) is neglected for simplicity. The variable Qm is a mass source representing the 
additional liquid water due to the melting of ice  inclusion25:

where ρi, ρw are the densities of ice and water respectively (kg/m3).

where e0 is the initial porosity ratio.
When considering the ice-water phase change, the saturation of unfrozen water in the soil, Sw depends on 

the phase change and can be calculated as shown in Eq. (7) 25.

where Sr is the residual liquid water saturation; θ1, θ2 is smooth step function defined in the phase change mate-
rial node, the step function θ2 (T) is zero for temperature below the melting temperature; Tpc, and is equal to 
1 for temperature above Tpc. It is assumed that the mushy ice zone extends from 0 to − 1 °C in the interfrost 
benchmark. Therefore, Tpc is set to − 0.5 °C and the transition interval of θ2 is defined as 1 K.

The ice clogs porosity in the soil leading to a reduction in the porosity ratio considering the ice-water phase 
change which leads to a lower permeability of the soil. The k expressed in terms of saturation Sw can be calculated 
by Eq. (9) 25.

where ks is the coefficient of permeability of saturated soil (m/s) and I is the impedance factor.

Temperature field equations. The differential equation for heat conduction in frozen soil  is25,26:

where (ρC)eq is the effective volumetric heat capacity at constant pressure; T is the temperature of the soil at 
different moments (°C); keq is the effective thermal conductivity (W/m·K); Q is a heat source (W/m3); Cw is the 

(3)Qm = ρS
∂p

∂t
+∇ · ρ

[

−
κ

µ

(

∇p+ ρg∇D
)

]

,

(4)S = Sw · e · β ,

(5)Qm = Sw · e(ρi − ρw)
∂Sw

∂t
,

(6)e = e0 · Sw ,

(7)Sw = Sr + (1− Sr) · θ2,

(8)θ1 + θ2 = 1,

(9)k = ks · 10
−I·e·(1−Sw),

(10)(ρC)eq
∂T

∂t
+ ρCwu · ∇T +∇ · (−keq∇T) = Q,
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effective fluid’s heat capacity at constant pressure; u is the velocity field, either an analytic expression or com-
puted from a Fluid Flow interface. It should be interpreted as the Darcy velocity i.e., the volume flow rate per 
unit cross sectional area.

Model validation. A numerical model was constructed based on the 47 km test section among the three test 
sites of this paper to simplify the calculations. The boundary conditions of the numerical simulation calculation 
model and the dimensions of each part were shown in Fig. 9. The model contained 5544 grid vertices and 10,521 
elements. In the temperature field, it was assumed that heat exchange occurred at the surface and the rest of the 
boundaries were set as the thermal insulation  boundaries21,24. The temperature boundary condition as shown 
in Eq. (2) was imposed with an initial value of 15 °C. The external water recharge to the soil has been neglected 
in this paper as there was no drainage in the water field of conveyance canal in winter. Therefore, the soil was 
considered as unsaturated and the boundaries were set as zero flux  boundaries21,24. The boundary conditions 
and specific material parameters were shown in Tables 1, 2 and 3. The transient calculation method was used to 
calculate the freeze depth and the change in water content of the soil over 365 days. The freeze depth, as well as 
the change in water content, were monitored at the three locations marked by the dotted lines.

The measured and simulated values of freeze–thaw process at the top, middle and bottom of slope in a single 
freeze–thaw cycle are shown in Fig. 10. Although there was a deviation between the simulated and measured 
values with a maximum deviation of about 30 cm. The observed difference was mainly caused by the fact that 
the temperature boundary conditions in numerical calculation were fitted to the measured results. The actual 
temperature boundary conditions in the field were influenced by solar radiation, wind direction and speed as 
well as rainfall making it impossible to fully introduce the computational model. However, the results of the 

Figure 9.  Numerical calculation model.

Table 1.  Boundary conditions.

Line Temperature field Water field

a–e–f–b Temperature boundary Zero flux boundary

a–d Thermal insulation boundary Zero flux boundary

b–c Thermal insulation boundary Zero flux boundary

c–d Thermal insulation boundary Zero flux boundary

Table 2.  Material properties.

Material ρ (kg/m3) C (J/kg·°C) λ (W/m °C)

Clay 1910 1460 2.50

Water 1000 4200 0.63

Ice 918 2100 2.31

Table 3.  Parameters for seepage models of unsaturated soils.

Parameters I e0 μ (Pa·s) wsat Sw Sr k(m/s)

Clay 50 0.3 1.793e−3 0.35 0.68 0.14 9.62 ×  10–7
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simulations still reflected the freeze–thaw process on the slopes. It was clear by comparing the results that the 
freezing process manifested three main stages during a freeze–thaw cycle.

(1) Freeze developing phase During this phase, the ice front developed downwards due to the decrease in tem-
perature leading to an increase in the freeze depth.

(2) Freeze maintenance phase When the ice front surface developed to a certain depth, the ice front neither 
retreated nor continued to develop and remained stable.

(3) Thawing phase In this phase, the temperature warmed up to greater than 0 °C and the frozen soil began to 
thaw until the soil was no longer frozen.

The distribution characteristics and change processes between measured and simulated freezing/thawing 
depths were similar. The numerical results showed that the numerical model developed in this paper for calculat-
ing the slope of water conveyance canal was reliable and could be applied to the analyses of temperature-freeze 
depth-water content.

Temperature-freeze depth-water content regime. The main factor influencing water migration was 
the coupling of temperature and water fields during soil freezing and thawing i.e., the movement of water under 
the effect of temperature  gradients21. The temperature distribution of the numerical simulation is shown in 
Figs. 11 and 12 with the initial temperature field set at 15 °C in mid-October. The water freezing occurred around 
mid-November 2011 and the freeze depth gradually increased with the decrease in temperature. Water freeze 
reached the maximum freeze depth in mid-March 2012 and remained stable. Comparing the temperature vari-
ation curves at different depths for the three locations, the freeze depths were about 200 cm, 160 cm and 150 cm 
from top to bottom of the slope.

The water in pores gradually froze and the water content decreased as the temperature decreased. The change 
in water content during the conversion of water to ice is shown in Fig. 13. The water content was 24% on Octo-
ber 15th 2011 as shown in the figure. In November, the water in soil froze to a depth of around 50 cm. At this 
time, the soil below 50 cm has not frozen and the water content remained at the initial water content. The water 
content remained stable at the same time after the freeze depth remained stable in mid-March. The ice in soil 
about 20 cm below the surface gradually thawed and melted when the temperature warmed up in April and 
the water content returned to its initial value. The curves of water content showed that after the water froze, the 
water content of soil below the maximum freeze depth also decreased. It was not until the freeze has completely 
melted that the water content gradually returned to its initial value, which was inextricably related to the water 
migration during the freezing process.

Figure 10.  Freeze–thaw curves for slopes ((a) Top of slope, (b) Middle, (c) Bottom slope).
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Figure 11.  Temperature field distribution at different times (unit: °C).

Figure 12.  Temperature variation curves ((a) top of slope, (b) middle of slope, (c) bottom of slope).
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Anti-frost structures on the slopes of water conveyance canals. Water conveyance canal projects 
in seasonal freeze regions are often damaged by the freeze–thaw action of the soil. Therefore, anti-frost struc-
tures should be adopted to eliminate or reduce the soil freeze, which can effectively reduce the risk of damage 
to the slope. According to the measured and simulated values in the previous sections, the degree of freeze was 
mainly influenced by temperature as well as water content. Therefore, the insulation boards were most com-
monly used for thermal insulation and water insulation. According to the results of anti-frost tests on insula-
tion boards in the test areas, the small thermal conductivity of polyurethane material enabled the heat balance 
between heat absorption and heat release, thus resulting in the subsoil not freezing. For further determination 
of insulation board thickness, a structural form (Polyurethane insulation board + Concrete board) as shown in 
Fig. 14 was used for anti-frost simulation.

The maximum freeze depth distribution could be computed based on numerical model established in this 
paper. A thin layer boundary condition was used instead of the insulation board solid mesh for the convenience 
of modelling. The insulation board, as well as concrete material parameters, are shown in Table 4.

The results of the temperature field simulations are shown in Fig. 15, where the 0 °C isotherms are used as the 
maximum freeze depth. The changes in freeze depth and water content at three locations are shown in Table 5.

Comparing the effect insulation board of different thicknesses on anti-frost, it showed that 5 cm and 6 cm 
insulation boards could significantly reduce the freeze depth. The effect of increasing the thickness of insulation 
boards on reducing the freeze depth did not change significantly. In actual engineering applications, increasing 
the thickness of the insulation boards is undoubtedly increase the cost of project, but the effect of improving 
insulation boards is not obvious. According to presented researches, the insulation boards with thicknesses of 
5 cm and 6 cm could improve the anti-frost capacity of the slope. Regions with serious frost damage can refer to 
the research results of this paper and can appropriately increase the thickness of the insulation boards. Compar-
ing the water content at maximum freeze depth showed that at the maximum freeze depth of the unprotected 
slope, the water content of the soil remained 11%, i.e. most of the water in soil was frozen. However, although 
the water content of soil with protective structures decreased, the unfrozen water content of the soil remained 
around 14.8%. The freezing action reduced and water at the maximum freeze depth cannot freeze sufficiently 
with the protection of the insulation boards.

Under the protection of polyurethane insulation boards in the middle of the slope, the freeze depth was 
almost negligible and differed considerably from the actual situation. This was due to the simplification of 
boundary conditions in numerical calculations and the fact that external factors (solar radiation, wind speed, 
wind direction and precipitation, etc.) were not considered in the calculation process. Therefore, the results 
obtained differed considerably from reality, but they still illustrated the usability of polyurethane boards in the 
design of anti-frost structures.

Discussion
Characteristics of temperature and freeze depth change in seasonal freeze regions. In sea-
sonal freeze regions, the water in soil freezes under the cold  temperature27–29. The temperature changes dramati-
cally from the ground surface to the maximum freeze depth—a process that directly affects the direction and 
intensity of water  migration21. In this paper, the trend of soil freeze depth is summarized in Fig. 16 by field tests 
as well as numerical simulations. The temperature gradually drops from October to November each year as 
shown in the figure causing the water in soil to freeze. Thereafter, the freeze depth has increased when it reaches 
the maximum freeze depth until March. The temperature increases to above zero and the soil melts in both 

Figure 13.  Water content variation curves ((a) top of slope, (b) middle of slope, (c) bottom of slope).
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Figure 14.  Anti-frost structures on the slopes of water conveyance canals in seasonal frozen regions (CB 
concrete board, PIB polyurethane insulation board, CL low liquid limit clay).

Table 4.  Parameters of insolation boards and concrete boards.

Material λ·(W/m·°C) ρ (kg/m3) C·(J/kg °C)

Concrete 1.800 2500 880.0

PIB 0.026 48 1330.0

Figure 15.  Temperature fields of the six anti-frost structures at maximum frost depth time (5–10 cm is 
thickness of Polyurethane insulation board).
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directions from the surface and the maximum freeze depth after the maximum freeze depth remains until April 
and the freezing of soil generally disappears by the end of May.

Characteristics of temperature and water variation in seasonal freeze regions. The temperature 
at the surface in seasonal freeze regions varies widely depending on the seasons, resulting in differences in tem-
perature from the surface to the maximum freeze  depth21,30. For example, at different locations on the slopes, the 
freeze depth varies between shaded and sunny  slopes31,32.

The freeze depth also varies as shown in Fig. 17. The water in soil gradually freezes as the temperature 
decreases from the surface to the maximum freeze depth (Fig. 17a), this part of the soil layer is called the frozen 
layer and below the frozen layer is the unfrozen layer. The freeze depth affects the water content of soil (Fig. 17c). 
In the simulations of this paper, the water storage model is applied in Comsol to fully investigate the effect of 
freezing water on the soil porosity ratio as well as the permeability coefficient, and the results are more reflective 
of the hydrothermal coupling during the freezing and thawing process. The water content of soil in the frozen 
layer decreases to the residual water content. Although freezing does not occur below the maximum freeze depth, 
the water content of the soil under the maximum freeze depth also decreases. This is because the ice front is 
constantly developing downwards during the freezing process and water migration occurs under the influence 
of temperature as well as soil pore capillary forces, resulting in a decrease in the water content of the soil below 
the maximum freeze depth. The water migration occurs by gravity and the water content of the soil gradually 
converges to its original state after the soil has completely melted.

Conclusions
This paper investigated the characteristics of temperature-freeze depth-water content of slope based on the com-
bination of field tests and numerical simulations, and compared the effect of different thicknesses of polyurethane 
materials, the following conclusions are drawn:

(1) The ice front gradually developed downwards as the temperature decreased, causing a decrease in the path 
of water migration which was beneficial for water migration. The water content of soil below the maximum 

Table 5.  The max. frost-depth and water-content for the six anti-frost structures.

PIB/cm

T M B

Freeze depth/cm Water content/% Freeze depth/cm Water content/% Freeze depth/cm Water content/%

0 200 11.3 160 11.3 150 14.6

5 141 14.7 0 24.0 113 14.7

6 138 14.8 0 24.0 111 14.8

7 135 14.9 0 24.0 108 14.9

8 133 14.9 0 24.0 106 14.7

9 130 14.6 0 24.0 104 14.7

10 129 14.9 0 24.0 103 14.8

Figure 16.  Freeze depth-time curve.
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freeze depth was less than the initial water content after the water froze to the maximum freeze depth which 
was inseparably related to water migration.

(2) The freeze depth of soil decreased significantly when polyurethane material was used for anti-frost protec-
tion, which was beneficial for the safety of canals. Comparing the anti-freeze effect of different thicknesses 
of insulation boards, it could be concluded that 5–6 cm thick insulation boards could significantly reduce 
the freeze depth by approximately 60 cm. The anti-freeze effect did not increase obviously when the insula-
tion board was thicker than 6 cm.

(3) The thickness and temperature distribution of the frozen layer in seasonal frozen soil areas were the impor-
tant factors influencing the damage of water conveyance canals. The polyurethane insulation boards pre-
cisely met the criteria to fulfil the requirements of increasing the heat entering into slope or reducing the 
heat diffusion of soil and reducing the freezing. Therefore, such materials have broad prospects for applica-
tion in the prevention of freezing.

The results presented in this paper has provided important technical guidance for the implementation of 
frost prevention measures and the optimization design of an anti-frost structure on canals in freeze regions 
and can be applied to the design of water conveyance in seasonal freeze regions to determine proper insulation 
board thickness.

Received: 21 May 2021; Accepted: 26 August 2021

References
 1. Mo, T. & Lou, Z. Numerical simulation of frost heave of concrete lining trapezoidal channel under an open system. Water 12, 2. 

https:// doi. org/ 10. 3390/ w1202 0335 (2020).
 2. Zhou, Y., Guo, D., & Qu G. Geocryological regionalization and classification map of the frozen soil in China (1:10, 000, 000). A 

big earth data platform for three poles, 2011. https:// doi. org/ 10. 11888/ Geocry. tpdc. 270037 (2000).
 3. Wang, Z., Jiang, H., Wang, Y., Liu, Q. & Ge, J. Research progresses and frontiers in anti-seepage and anti-frost heave of canals in 

cold-arid regions. Trans. Chin. Soc. Agric. Eng. 22, 120–132 (2020).
 4. Ge, S. Research on structure of anti-seepage channels in seasonal frozen soil region. Master Degree thesis, Hohai University, Nanjing 

(in Chinese) (2004).
 5. Chen, T. Establishment and application of mechanics model of frost heaving damage of concrete lining open canal. Master Degree 

thesis, Northwest A&F University, Xi’an (in Chinese) (2004).
 6. Li, J. Mechanics models of frost-heaving and the research of anti-frost heave structure for lining canal. Ph.D. Dissertation for 

Northwest A&F University, Yangling (in Chinese) (2009).
 7. Ye, Z. & Wu, J. Analysis of development in study of irrigation canal seepage control techniques in farm fields in China. Water 

Resour. Plann. Des. 06, 113–115 (2020).
 8. Taber, S. The mechanics of frost heaving. J. Geol. 38(4), 303–317. https:// doi. org/ 10. 1086/ 623720 (1930).
 9. Everett, D. H. The thermodynamics of frost damage to porous solids. Trans. Faraday Soc. 57, 1541–1551. https:// doi. org/ 10. 1039/ 

tf961 57015 41 (1961).
 10. Jackson, K. A. Frost heave in soils. J. Appl. Phys. 37, 848. https:// doi. org/ 10. 1063/1. 17082 70 (1966).
 11. Miller, R. D. Freezing and heaving of saturated and unsaturated soils. Highway Res. Rec. 393, 1–11. https:// doi. org/ 10. 1021/ ba- 

1972- 0110. ap001 (1972).
 12. Lundin, L. C. Hydraulic properties in an operational model of frozen soil. J. Hydrol. 118, 289–310. https:// doi. org/ 10. 1016/ 0022- 

1694(90) 90264-X (1990).

Figure 17.  Characteristics of temperature-depth-water content variation in the seasonal frozen regions ((a) 
simulated value, (b) temperature-depth trend, (c) water content-depth trend).

https://doi.org/10.3390/w12020335
https://doi.org/10.11888/Geocry.tpdc.270037
https://doi.org/10.1086/623720
https://doi.org/10.1039/tf9615701541
https://doi.org/10.1039/tf9615701541
https://doi.org/10.1063/1.1708270
https://doi.org/10.1021/ba-1972-0110.ap001
https://doi.org/10.1021/ba-1972-0110.ap001
https://doi.org/10.1016/0022-1694(90)90264-X
https://doi.org/10.1016/0022-1694(90)90264-X


15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:18195  | https://doi.org/10.1038/s41598-021-97561-4

www.nature.com/scientificreports/

 13. Hu, D., Yu, W., Lu, Y., Chen, L. & Liu, W. Experimental study on unfrozen water and soil matric suction of the aeolian sand sampled 
from Tibet Plateau. Cold Reg. Sci. Technol. 164, 102784–102784. https:// doi. org/ 10. 1016/j. coldr egions. 2019. 102784 (2019).

 14. Kunio, W. & Yurie, O. Comparison of hydraulic conductivity in frozen saturated and unfrozen unsaturated soils. Vadose Zone J. 
15, 1–7. https:// doi. org/ 10. 2136/ vzj20 15. 11. 0154 (2016).

 15. Li, Z., Liu, S., Feng, Y. & Zhang, C. Numerical study on the effect of frost heave prevention with different canal lining structures in 
seasonally frozen ground regions. Cold Reg. Sci. Technol. 85, 242–249. https:// doi. org/ 10. 1016/j. coldr egions. 2012. 09. 011 (2013).

 16. Li, S., Lai, Y., Pei, W., Zhang, S. & Zhong, H. Moisture-temperature changes of freeze-thaw hazards on a canal in seasonally frozen 
regions. Nat. Hazards 72(2), 287–308. https:// doi. org/ 10. 1007/ s11069- 013- 1021-3 (2014).

 17. Li, S., Zhang, M., Tian, Y. & Zhong, H. Experimental and numerical investigations on frost damage mechanism of a canal in cold 
regions. Cold Reg. Sci. Technol. 116, 1–11. https:// doi. org/ 10. 1016/j. coldr egions. 2015. 03. 013 (2015).

 18. Li, S., Lai, Y., Zhang, M., Pei, W. & Yu, F. Centrifuge and numerical modeling of the frost heave mechanism of a cold-region canal. 
Acta Geotech. 14(4), 1113–1128. https:// doi. org/ 10. 1007/ s11440- 018- 0710-1 (2019).

 19. Li, J. & Zhou, B. Simulation for frost heaving damage of concrete lining channels by using XFEM. J. Coastal Res. 93, 264–273. 
https:// doi. org/ 10. 2112/ SI93- 035.1 (2019).

 20. Li, Z., Liu, S. & Zhang, C. Experimental study on the effect of frost heave prevention using soil bags. Cold Reg. Sci. Technol. 85, 
109–116. https:// doi. org/ 10. 1016/j. coldr egions. 2012. 08. 008 (2013).

 21. Tai, B. et al. Novel anti-frost subgrade bed structures a high speed railways in deep seasonally frozen ground regions: Experimental 
and numerical studies. Constr. Build. Mater. 269, 121266. https:// doi. org/ 10. 1016/J. CONBU ILDMAT. 2020. 121266 (2021).

 22. Philip, J. R. & Devries, D. A. Moisture movement in porous material under temperature gradient. Earth Space Sci. News 2, 222–232. 
https:// doi. org/ 10. 1029/ TR038 i002p 00222 (1957).

 23. Tan, X., Chen, W., Tian, H. & Cao, J. Water flow and heat transport including ice/water phase change in porous media: Numerical 
simulation and application. Cold Reg. Sci. Technol. 68(1–2), 74–84. https:// doi. org/ 10. 1016/j. coldr egions. 2011. 04. 004 (2011).

 24. Bai, Q., Li, X., Tian, Y. & Fang, J. Equations and numerical simulation for coupled water and heat transfer in frozen soil. Chin. J. 
Geotech. Eng. S2, 131–136 (2015).

 25. Frozen Inclusion. https:// cn. comsol. com/ models (2018).
 26. Luo, Q. Heat Transfer 2nd edn. (Chongqing University Press, 2019).
 27. Lu, N. & Likos, W. J. Unsaturated Soil Mechanics (Higher Education Press, 2012).
 28. Xu, X. & Deng, Y. Experimental Study of Water Migration in Permafrost 1st edn. (Science Press, 1991).
 29. Wu, X. Y., Niu, F. J., Lin, Z. J. & Shao, Z. J. Delamination frost heave in embankment of high speed railway in high altitude and 

seasonal frozen region. Cold Reg. Sci. Technol. 153, 25–32. https:// doi. org/ 10. 1016/j. coldr egions. 2018. 04. 017 (2017).
 30. Zhang, C. et al. Research on the temperature field and frost heaving law of massive freezing engineering in coastal strata. Adv. 

Mater. Sci. Eng. 2021, 1–12. https:// doi. org/ 10. 1155/ 2021/ 55759 40 (2021).
 31. Liu, H., Niu, F., Niu, Y. & Luo, J. Experimental and numerical investigation on temperature characteristics of high-speed railway’s 

embankment in seasonal frozen regions. Cold Reg. Sci. Technol. 81, 55–64. https:// doi. org/ 10. 1016/j. coldr egions. 2012. 04. 004 (2012).
 32. Zhang, Y., Du, Y. & Sun, B. Temperature distribution analysis of high-speed railway roadbed in seasonally frozen regions based 

on empirical model. Cold Reg. Sci. Technol. 114, 61–72. https:// doi. org/ 10. 1016/j. coldr egions. 2015. 02. 010 (2015).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant Nos. 41972267 and 
41572257).

Author contributions
Conceptualization: H.L.; Methodology: H.L. and D.M.; Formal analysis and investigation: H.L. and D.M.; Writ-
ing—original draft preparation: H.L.; Writing—review and editing: H.L. and C.W.; Funding acquisition: C.W.; 
Resources: D.M.; Supervision: C.W., X.L., D.W. and K.U.J.K.; Software: H.L., D.W. and B.L.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1016/j.coldregions.2019.102784
https://doi.org/10.2136/vzj2015.11.0154
https://doi.org/10.1016/j.coldregions.2012.09.011
https://doi.org/10.1007/s11069-013-1021-3
https://doi.org/10.1016/j.coldregions.2015.03.013
https://doi.org/10.1007/s11440-018-0710-1
https://doi.org/10.2112/SI93-035.1
https://doi.org/10.1016/j.coldregions.2012.08.008
https://doi.org/10.1016/J.CONBUILDMAT.2020.121266
https://doi.org/10.1029/TR038i002p00222
https://doi.org/10.1016/j.coldregions.2011.04.004
https://cn.comsol.com/models
https://doi.org/10.1016/j.coldregions.2018.04.017
https://doi.org/10.1155/2021/5575940
https://doi.org/10.1016/j.coldregions.2012.04.004
https://doi.org/10.1016/j.coldregions.2015.02.010
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Study on the hydrothermal coupling characteristics of polyurethane insulation boards slope protection structure incorporating phase change effect
	Study area
	Experimental analysis
	Monitoring methods. 
	Freeze depth and groundwater changes. 
	Water content changes in the soil before and after freezing. 

	Numerical model for hydrothermal coupling incorporating phase change effects
	Water field equations. 
	Temperature field equations. 
	Model validation. 
	Temperature-freeze depth-water content regime. 
	Anti-frost structures on the slopes of water conveyance canals. 

	Discussion
	Characteristics of temperature and freeze depth change in seasonal freeze regions. 
	Characteristics of temperature and water variation in seasonal freeze regions. 

	Conclusions
	References
	Acknowledgements


