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Due to the fact that the permeability coefficient of salinized frozen soil is difficult to measure through experimental test, this paper develops a model of the permeability coefficient of salinized frozen soil by using SFCC curves, which takes into account the effects of velocity slip on pore wall and seepage of unfrozen water film. This model is on the basis of capillary bundle model, and combines with phase diagram theory of water-salt binary system. For the silty clay from Qinghai-Tibet Plateau and silts from Onedia, the permeability coefficient fluctuation vs. temperature is calculated using the model. The estimated calculations of the permeability coefficient model were all found to be in good agreement with the experimental data by comparison. Additionally, the variation trend of permeability coefficient of NaCl, Na2SO4, and Na2CO3 type saline soils containing different salt contents is examined. The results indicate that before saline soils freeze, NaCl does not crystallize and thus has little impact on the permeability coefficient, whereas Na2SO4 and Na2CO3 both crystallize and block the pores, the permeability coefficient decreases with decreasing temperature. Once the saline soils have frozen, the freezing temperature has a larger impact on the permeability coefficient. During the early stage of freezing, the lower the freezing temperature is, the larger the permeability coefficient is. In the late stage of freezing, the permeability coefficients with various salt contents tended to be the same.
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1 INTRODUCTION
The distribution of frozen soil and saline soils in northwest and northeast China largely overlaps (Zhang et al., 2015; Wang et al., 2019), and the soils in this area are generally referred to as saline frozen soil and salinized frozen soil. Therefore, the salinized frozen soil contains the traits of saline and frozen soil soils, and the soil deformation is influenced by both salt and moisture. As a result, the infrastructure constructed in salinized frozen soil regions is extremely vulnerable to diseases, which are primarily brought on by salt expansion and freezing. The existing study (Bing et al., 2015; Lai et al., 2021) have shown that water migration plays an important role in the freezing and thawing of frozen soil and the salt swelling and dissolution of saline soils. Further, the permeability coefficient is a key factor affecting water migration, and thus it is an important influencing factor in the study of the frost damage mechanism of infrastructure in cold regions, whether in normal frozen soil or saline frozen soil. Besides, the permeability coefficient is also a crucial component in numerous numerical models of frozen soil, including the hydrothermal coupled model (Taylor and Luthin, 1978; Zhang et al., 2021a), the hydrothermal salt coupled model (Zhang et al., 2021b; Liu et al., 2021), the hydrothermal force coupled model (Deng et al., 2021), and the hydrothermal salt force coupled model (Xu, 2021).
There have been relatively few researches conducted on the permeability coefficient of saline frozen soil, but researchers made some progress in the permeability coefficient of frozen soil. The studies are concentrated on two key points as follows: the first one is, experiments were used to directly quantify the permeability coefficient of frozen soil. In 1976, Burt and Williams (Burt and Williams, 1976) employed lactose solution for the first time to measure the head difference between two places and the flux in order to determine the permeability coefficient of frozen soil. After that, the most used method for indirectly determining the permeability coefficient of frozen soil is the seepage of antifreeze solution in the soil (Andersland et al., 1996; Tokoro et al., 2010; Watanabe and Osada, 2016). However, the experiments are difficult and the errors are large because the seepage flow is too small to be measured by weighing. The second one is, using empirical formulas to predict the permeability coefficient, and to avoid the challenges of measuring the permeability coefficient in the laboratory, empirical formulas are frequently used to predict the permeability coefficient of frozen soil. There are numerous formulas to describe the parameters of permeability coefficient, mostly including the variables saturation [image: image], unfrozen water content [image: image], matrix potential [image: image], and head [image: image] (Richards, 1931; Averjanov, 1950; Gardner, 1958; Davidson et al., 1969). These empirical formulas are made up of curve fitting parameters and saturation permeability coefficients, but because the function expressions and parameter values vary depending on the type of soil, no empirical formula or set of fitting parameters is applicable to all soil types.
In conclusion, due to the constraints of utilizing empirical formulas, it is challenging to measure the permeability coefficients of frozen soil soils by experimental methods, and the permeability coefficients of salinized frozen soil are rarely reported. In this paper, starting from the thermodynamic theory of water film at the ice-water interface on the surface of soil particles and Gibbs-Thomson equation, a theoretical model of frozen soil permeability coefficient is proposed by using Navier-Stokes equation and Hagen-Poiseuille equation, which combines with the soil SFCC curve and based on the obtained unfrozen water film thickness of frozen pores and the critical radius of unfrozen pores. Besides, experimental tests are used to confirm the validity of the present model. To further develop the precast ability of the proposed model, the solution phase diagram of the water-salt binary system was used to analyze the effect of salt crystallization in the soil pores prior to freezing on the permeability coefficient of frozen soil, and the permeability coefficient model of salinized frozen soil is established by modifying the permeability coefficient model of frozen soil.
In the salt freezing swelling model, the permeability coefficient is a key parameter to analyze the amount of water and salt migration and accumulation, which is conducive to accurately predict the deformation of salinized frozen soil. Therefore, it is significant to obtain the permeability coefficient change during the cooling process. The model in this article effectively combines unfrozen water, temperature, and permeability coefficient and can be used to analyze the relationship between permeability coefficient and temperature. It also provides key model parameters for the study of the salt freezing swelling model and serves as a guidance and reference for projects aimed at preventing salt freezing swelling in cold areas (Peng et al., 2021; Peng et al., 2022).
2 MODEL ESTABLISHMENT OF THE PERMEABILITY COEFFICIENT OF SALINE FROZEN SOIL
In the study of water diffusion and seepage in porous media, the capillary bundle model, a standard model to represent the internal pore structure of porous media, is crucial. The Hagen-Poiseuille equation and the Navier-Stokes equation serve as the foundation for this model. Based on the experimentally determined frozen soil SFCC curve, and considering the influence of the pore wall and unfrozen water film on water seepage in frozen soil, the permeability coefficient of saturated frozen soil is deduced as a function of initial water content and temperature.
2.1 Capillary seepage in frozen soil
The pores in soil are viewed as a network of vertical capillary tubes. The water flow in the capillary can be characterized as a laminar flow with a parabolic flow velocity distribution since the soil water percolates slowly. Without taking into account the slip of water on the pore wall, the flow velocity distribution of water passing through a capillary pore with the radius of R and length of H under pressure gradient [image: image] is
[image: image]
At the radius of r, the micro ring flow of the width of dr is [image: image]. The Hagen-Poiseuille equation can be deduced from the integration of the section from 0 to R in the r direction, and the sectional total flux calculated by this equation is:
[image: image]
where q is the total flow of water in a capillary tube of radius R; [image: image] is the viscosity of volumetric water, which is a function of temperature (Thomas and Sansom, 1995) and can be represented as [image: image].
Due to the velocity slip phenomena, as seen in Figure 1, the liquid velocity in the capillary channel close to the wall is not zero, [image: image] at [image: image]. Additionally, the function [image: image] is no longer usable at negative temperatures and narrow capillary tube diameters, therefore effective viscosity is used instead [image: image]. When the combined water slip length [image: image] on the pore wall are taken into account, the flow velocity distribution and water flow rate are (Holt et al., 2006)
[image: image]
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[image: Figure 1]FIGURE 1 | Distribution of capillary flow velocity (considering slip).
David M. Huang (Huang et al., 2008) measured the slip length of water flow wall at various contact angles, and found that the real slip length of water [image: image] can be described as the function of soil-water contact angle as follows:
[image: image]
At the same time, the critical thickness can be used to compute the effective viscosity [image: image] of water in frozen soil pores, which is dependent on the area of the interface zone and the bulk water viscosity (Thomas and Mcgaughey, 2008).
[image: image]
[image: image]
where [image: image] is the soil-water contact angle, [image: image] = 25°; C is a constant, C = .41; [image: image] is the viscosity of the fluid in the interface area, [image: image]; [image: image] is in a linear relationship with contact angle [image: image] (Wu et al., 2017), [image: image]; [image: image] is the soil-water contact area in the pore; [image: image] is the pore cross-sectional area; and [image: image] is the critical thickness of the pressured fluid.
An enhancement factor is introduced, which is defined as the ratio of the measured water flux to the water flux q when no slip is considered, to examine the impact of the velocity slip phenomena on the water flux.
[image: image]
As the curve shown in Figure 2, The pore radius is inversely related to the enhancement factor, and the smaller the pore, the larger the enhancement factor. When the pore radius is less than 100 nm, the trend of decreasing enhancement factor gradually accelerates, indicating that the effect of velocity slip on water flux gradually increases. Relevant researches indicate that soil pore with a radius of less than 100 nm make up more than half of all soil pores (Sasanian and Newson, 2013), thus it is crucial to account for effective water viscosity and the velocity slip phenomenon when calculating the soil seepage volume.
[image: Figure 2]FIGURE 2 | Pore radius variation versus enhancement factor.
2.2 Filtration in unfrozen water film of frozen soil soils
The fluid in large pore in the soil freezes when the temperature drops below the freezing point, but the water near the pore wall and in the small pore doesn’t freeze because of the surface tension on pore wall (van der Waals force). On this basis, the of pores can be divided into two categories: the frozen pores and unfrozen pores. Water film seepage not only includes the capillary seepage resulting from frozen pore, but also includes the water film seepage induced by frozen pore.
At temperature T, when a capillary tube is frozen with a radius of R, the film flow velocity distribution of unfrozen water calculated by the Navier-Stokes equation yields the following results (Watanabe and Flury, 2008; Ming et al., 2022)
[image: image]
Besides, in the r direction, the film seepage flux of unfrozen water [image: image] can be represented as the integration from [image: image] to R.
[image: image]
The following equation can be used to determine the thickness of unfrozen water film d (Dash et al., 1995; Ishizaki et al., 1996) and the connection between temperature T and pore radius R (Mitchell et al., 2008)
[image: image]
[image: image]
where, A is the Hamaker constant, [image: image]; [image: image] is the ice density, [image: image]; [image: image] is the latent heat of ice melting, [image: image]; [image: image] is the freezing temperature of soil, in [image: image], T is the soil temperature; [image: image] is the ice water interface energy, [image: image] =4.09×10−2 J/m2; and [image: image] is the ice nucleus radius, [image: image]. In order to visibly respond to the variations in magnitude of each, it is possible to calculate the ratio of water film seepage and capillary seepage.
[image: image]
A graph of the ratio of [image: image] for a capillary tube of radius R before and after freezing is depicted in Figure 3. As can be seen from the figure, as capillary diameter rises, the ratio gradually climbs to five orders of magnitude and still has a tendency to increase. This result indicates that under large tube diameter, the seepage capacity of an unfrozen water film is substantially less than the seepage capacity of unfrozen capillaries. But the seepage of unfrozen water is only 10 times as great when the tube diameter is small. Since small soil pores make up the majority of soil pores, it is important to take into account the film seepage of unfrozen water (Sasanian and Newson, 2013).
[image: Figure 3]FIGURE 3 | The relationship of the ratio and capillary tube radius.
2.3 Permeability coefficient model of frozen soil
As depicted in Figure 4, the pores in soil are simplified as capillary tubes with different radiuses. Using the SFCC curve (unfrozen water content is treated as a function of temperature T), it is assumed that the temperature interval [[image: image]] is divided into n equal parts, resulting in [image: image]. Then n temperature points are obtained by taking the midpoint temperature of each temperature interval, which are [image: image], which represent the freezing temperature of pores. According to Eq. 12, the pore radius corresponding to each temperature is obtained, i.e. [image: image], and they are donated as [image: image] ([image: image]). Because unfrozen content [image: image] is a function of temperature T, i.e., each temperature correlates to an unfrozen water content, then it is found that [image: image]. Therefore, n temperature intervals correspond to n unfrozen water variations of [image: image], which is donated as [image: image] ([image: image]). In saturated soil, water fills all of the pores, and as long as the divided temperature intervals are enough, the unfrozen water variation [image: image] is thought to be caused by unfrozen water crystallization in the capillary of radius [image: image]. Then the number [image: image] of capillary tubes with radius [image: image] can be calculated. The seepage amount of unfrozen water [image: image] and the seepage amount of unfrozen water film [image: image] before and after freezing of the capillary tube with radius of [image: image] is obtained using Eqs. 4–10.
[image: image]
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[image: Figure 4]FIGURE 4 | The illustration of permeability coefficient model for frozen soil.
At the meantime, the water migration path is idealized to occur in a curving capillary. Assuming that the frozen soil has a length of L and a height of H (H<L), and combining Eqs. 15, 16, the water flux of frozen soil can be described as:
[image: image]
where: j=0, 1, 2,..., n-1, and the corresponding j rises by one for each temperature interval of temperature decrease; [image: image] is the ratio of the soil column length H to the actual path of water seepage L ([image: image] =L/H), [image: image] (Xiao et al., 2015); [image: image]; n is the total type number of pore radius in unit area; [image: image] is the number of pores with the radius of [image: image] in unit area.
Assuming that water seepage in frozen soil follows Darcy’s law, Eq. 17 can be combined to determine the permeability coefficient of frozen soil per unit area.
[image: image]
According to Eq. 18, when j=0, K is the permeability coefficient of the melted soil under the same conditions. The water in the melted soil primarily flows in large pores, and the pore walls almost have no effect on water flow which can be disregarded. The permeability coefficient of melted soil can then be written as:
[image: image]
Consequently, the frozen soil permeability coefficient can also be expressed as:
[image: image]
[image: image] is the measured value of permeability coefficient of melted soil.
2.4 Permeability coefficient model of saline soils
It is required to examine the impact of the amount of salt crystallization on the permeability coefficient in order to adapt the permeability coefficient model of frozen soil to saline frozen soil. The freezing temperature curve of ice, AB, which is the precipitation ice line, and the solubility curve of salt, BC, which is the precipitation salt line, intersect at the eutectic point B, as the phase diagram of the water-salt binary system with three salts, Na2CO3, Na2SO4, and NaCl shown in Figure 5 The precipitation ice line, precipitation salt line, and eutectic point separate the solution phase diagram into four areas, i.e. the unsaturated salt solution, ice-salt solution, ice-crystalline salt, and crystalline salt-salt solution. The phase diagram can be used to predict the direction of several changes that will take place in the system during the temperature lowering process. It is possible to determine the order of phase change, freezing temperature, eutectic temperature, eutectic concentration, and other important parameters of saline soils during the process of temperature reduction and further analyze the amount of salt crystallization. In Table 1, the values of specific parameters during the crystallization of various salt solutions are given.
[image: Figure 5]FIGURE 5 | The phase diagram of water-salt binary system.
TABLE 1 | Physicochemical characteristics of crystalline salts.
[image: Table 1]Through electron microscopy, Jing Zhao (Zhao and Luo, 2019) discovered that the salt solution in the pores gradually increases in salt crystallization as the temperature decreases. These salt crystals adsorb around the pores, and gradually reduce the pore size. As a result, the permeability coefficient model of impregnated frozen soil only needs to be modified the [image: image] in the permeability coefficient model of frozen soil.
If it is assumed that the salt solution is contained in a capillary tube with a radius of [image: image] [image: image], the solution is always saturated after the salt precipitation. If the supersaturation of solution is not taken into account, the following equation is obtained:
[image: image]
where, C is the initial mass concentration of solution, C′ is the subsequent mass concentration of solution after cooling, [image: image] is the initial pore radius, [image: image] is the subsequent pore radius after the salt precipitation due to cooling, and [image: image] is the solubility curve.
Assuming that the salt crystals are evenly deposited on the pore walls after salt precipitation, the quantity of salt crystallization equals the amount of variation in the pore:
[image: image]
[image: image] where [image: image] is the molecular weight of salt after crystallization, M is the molecular weight of salt, and [image: image] is the specific gravity of the crystalline salt. For the same salt [image: image] is a constant value and let [image: image] , then Eq. 23 can be used to determine the pore radius [image: image] after salt precipitation:
[image: image]
Once the temperature is lowered to the eutectic temperature, the pore solution in soil mass gradually freezes. Since the solubility of salt does not significantly change, the concentration of the salt solution in the pore after the soil freezes is regarded as the eutectic concentration. Eq. 24 can be used to obtain the freezing temperature [image: image] for a pore with the size of [image: image] considering the impact of salt (Scherer, 1999):
[image: image]
[image: image] where, [image: image] is the water activity, which is used to solve the freezing temperature [image: image] of salt solution, and the water activity can be calculated using the Pitzer model, R* is the universal gas constant, and [image: image] is the freezing temperature of pure water.
In conclusion, in this permeability coefficient model of salinized frozen soil, only the SFCC curve of frozen soil and the permeability coefficient of frozen soil need to be precise measured under the same conditions as well as the phase diagram of salt solution. Then the variation relationship between the permeability coefficient of frozen soil and temperature can be theoretically analyzed, as well as the variation relationship between the permeability coefficient of salinized soil.
3 CALCULATION OF PERMEABILITY COEFFICIENT MODEL
3.1 Verification of permeability coefficient model of frozen soil
As seen in Figure 6, the unfrozen water content of the silty clays from the Tibetan plateau and the silt from Oneida fluctuates with temperature (Burt and Williams, 1976; Hu et al., 2016), and the initial volumetric water contents of the two soils are 50% and 48%, respectively. The unfrozen water content decreases with decreasing temperature, and there is a general power function relationship between the two parameters. The measured temperature of data points ranges from 0 to -5°C. In order to improve prediction capacity of the proposed model, the whole SFCC curve can be derived for by fitting the functional relationship between the above two parameters.
[image: Figure 6]FIGURE 6 | The relationship of unfrozen water content and temperature.
As depicted in Figure 7, at the temperatures above −2°C, the difference between the calculated results from the model that takes the influence of an unfrozen water film into account and that does not is relatively minimal. In both cases, the predicted values of the proposed model essentially follow the trend of the test results of soil. When the temperature drops to −5°C, there is a discrepancy between the calculated results of the two models of around one time, and when the temperature drops to −10°C, there is a difference of about nine times. The primary explanation is that, when considering the seepage of unfrozen water film, as temperature decreases, pore water gradually freezes. As a result, the seepage of unfrozen water film eventually occupies the leading position of frozen soil water seepage.
[image: Figure 7]FIGURE 7 | The relationship of permeability coefficient and temperature.
The relevant research (Burt and Williams, 1976; Chen and Zhang, 2020) shows that when the temperature is higher than −2°C, the soil still contains a lot of unfrozen water, the soil permeability coefficient is large, and the water salinity still has a certain seepage capacity; When the temperature is lower than −2°C, the content of unfrozen water is greatly reduced, the permeability coefficient of soil is small, and the water salinity almost does not percolate. Therefore, the influence of unfrozen water film seepage is ignored in the calculation of permeability coefficient model of saline frozen soil. In the salt frost heaving model, when the temperature is lower than −2°C, the calculated result of the model considering the seepage permeability coefficient of unfrozen water film is larger, so the calculated salt frost heaving deformation is larger. This may be conducive to accurate analysis of frost heave deformation of salinized salt.
3.2 Permeability coefficient of NaCl saline soil
As noted in Table 1, the eutectic temperature of NaCl solution is −21.1[image: image]C, and the eutectic concentration is 23.3%, which is substantially higher than the solution concentration in the pores of saline soils. As a result, in the process of temperature decrease, water freezing takes place in the soil before NaCl crystallizes, and NaCl primarily influences the initial freezing point of soil. According to the NaCl phase diagram, the solutions with freezing temperatures of 0, −1, −2, −2, and −3°C are prepared and added into the samples of powdered clay from the Qinghai-Tibet Plateau with the mass concentrations of 1.86%, 3.59%, 5.20%, and 6.64%, respectively, and the salt contents of the prepared soil samples are .59%, 1.16%, 1.71%, and 2.22%, respectively. The calculation results of the permeability coefficient model of NaCl-saline soil is depicted in Figure 8. It is shown that the permeability coefficient gradually lowers as the temperature steadily drops and eventually tends to stabilize. The change in permeability coefficient exhibits a tendency of steep first and then slow change when the soil pores freeze in order from large to small. In terms of numerical magnitude, the initial freezing temperature steadily drops as NaCl content rises, and at the same temperature, the permeability coefficient increases as the amount of unfrozen water increases.
[image: Figure 8]FIGURE 8 | Variation in temperature-permeability coefficient relationships for different NaCl concentrations.
3.3 Permeability coefficient of Na2SO4 saline soil
Since Na2SO4 will precipitate before the soil freezes and thus has a less substantial impact on the freezing temperature of the soil than NaCl. Table 1 demonstrates that the eutectic temperature of Na2SO4 solution is -1.2°C and the eutectic concentration is 4%. The Na2SO4 solutions comprising 2%, 4%, 6%, and 8% salt were fabricated, and the mass concentrations of the pore solutions of the powdered clay samples from the Qinghai-Tibet Plateau are 6.01%, 11.34%, 16.11%, and 20.38%, respectively. Due to the presence of supersaturation of the pore solution concentration after freezing, it is difficult to calculate the first freezing temperature using the Pizter theory. Thus, the initial freezing temperature of the soil will be determined using existing studies (Wan et al., 2015; Xiao et al., 2018). Before the soil freezes, salt will precipitate from the Na2SO4 solution during the dropping process of temperature, causing the permeability coefficient to start to fall. This is shown in Figure 9 and Figure 10 for the computation of the permeability coefficient model for sodium sulfate-saline soils. The beginning temperature for salt precipitation increases along with the Na2SO4 content, as does the volume of precipitated mannite. The permeability coefficient of the soil with an 8% salt concentration steadily drops to 4.25 [image: image] 10−7 at 19.2°C, which was 56% lower than the permeability coefficient of the soil without salt. After soil freezes, the permeability coefficient changes as the temperature progressively drops, and the change is initially steep, then becomes gently, while eventually converges. The permeability coefficient is relatively high, and the initial freezing temperature directly affects it because the amount of unfrozen water steadily increases as the starting freezing temperature decreases.
[image: Figure 9]FIGURE 9 | The variation of permeability coefficient of Na2SO4 saline soil with temperature before soil freezing.
[image: Figure 10]FIGURE 10 | The variation of permeability coefficient of Na2SO4 saline soil with temperature after soil freezing.
3.4 Permeability coefficient of Na2CO3 saline soil
Na2CO3 will crystallize and precipitate before the soil freezes, as indicated in Table 1, where the eutectic temperature of the solution is -1.8°C and the eutectic concentration is 5.8%. The permeability coefficient of Na2CO3 saline soils is calculated using the method for Na2SO4 saline soils due to the similarity between these two solutions. The initial freezing temperature of the soils is determined from experiment (Hui and Wei, 2011). The powdered clay soils of the Tibetan plateau, with mass concentrations of 6.01%, 11.34%, 16.11%, and 20.38% are manufactured, and pore solutions are prepared using salt concentrations of 2%, 4%, 6%, and 8%. The calculation results of the permeability coefficient of sodium carbonate saline soils are given in Figures 11, 12. The findings show that the soils with 2% salt content do not crystallize before freezing and that the permeability coefficient remains constant. During the decreasing process of temperature, salt gradually precipitates in the pores of soil with salt contents of 2%, 4%, and 6%, and the permeability coefficient of the soil gradually declines. Likewise, the higher the soil’s salt content, the higher the temperature at which the salt begins to precipitate out, and the lower the permeability coefficient at the same temperature. The permeability coefficient of soil with an 8% salt content drops by around 41%, from 9.68 10−7 cm/s to 5.66 10−7 cm/s. When the soil freezes, the permeability coefficient is comparatively larger under the same temperature conditions and the amount of unfrozen water increases due to the higher Na2CO3 content and lower initial freezing temperature.
[image: Figure 11]FIGURE 11 | The variation of permeability coefficient of Na2CO3 saline soil and temperature before soil freezing.
[image: Figure 12]FIGURE 12 | The variation of permeability coefficient of Na2CO3 saline soil and temperature after soil freezing.
4 DISCUSSION
On the basis of the thermodynamic theory of water film (Dash et al., 1995) and Gibbs-Thomson equation (Mitchell et al., 2008), the soil pores are simplified to capillary tubes, and the Navier-Stokes equation and Hagen-Poiseuille equation are combined with experimental data to obtain SFCC. Then, a model of the permeability coefficient of frozen soil that takes into account the effect of film seepage of unfrozen water is established, which was compared with the experimental results and shows a good reliability. At the same time, there are many areas that need further study.
1) In order to fill the gap in the theoretical analysis of the permeability coefficient of saline soil, the permeability coefficient model of saline frozen soil was developed on the basis of the frozen soil permeability coefficient model. This model considers the effects of sodium chloride, sodium sulfate, and sodium carbonate contents on freezing temperature as well as the effects of salt crystallization blocking pore space using the phase diagram theory of water-salt binary system. It is difficult to measure the permeability coefficient of salinized frozen soil soils and there are few related studies. The existing studies only measured the permeability coefficients of different salt contents under positive temperature conditions (Deng et al., 2006) and unfrozen water content curves (Ma et al., 2016). This paper also only theoretically analyzes the trend of permeability coefficients in saline soils during temperature reduction, so the credibility of the model results needs to be further confirmed by experiments.
2) There is a certain error between the permeability coefficient at the initial stage of freezing and the measured permeability coefficient. The reason may be that the power function form is used to fit the SFCC curve (Anderson and Tice, 1972; Chai et al., 2018), which tends to be infinite near 0°C, and it cannot accurately reflect the unfrozen water content, so there is a certain error. Therefore, the model should be modified by measuring the permeability coefficient of the melted soil.
3) The adsorption and desorption of particle components to soil particles are related to several factors such as temperature, soil structure, particle type, etc. (Bai et al., 2021; Bai et al., 2022) Considering the complexity of particle adsorption and desorption, this paper does not consider particle adsorption and desorption in analyzing the percolation of salt solution in soil during temperature reduction. The theory of particle adsorption and desorption can be combined with the theory of permeability coefficient in this paper, which may have some application prospects in the analysis of soil pollutant diffusion. At the same time, after the salt solution is added to the soil, the particles adsorb on the surface of soil particles, and the pore solution concentration is bound to decrease, which has a certain influence on the freezing temperature of the soil and the amount of salt crystallization, and considering this issue will make the permeability coefficient model of salinized frozen soil more reasonable.
4) In the present day machine learning methods are heavily applied to the assessment of slope stability (Chang et al., 2020; Huang et al., 2020c), the permeability coefficient as one of the important parameters of the soil is greatly associated with the slope landslide (Jian et al., 2016; Hongwei and Fan, 2021), and the freezing process of the frozen soil is regarded as the drying process of the soil (Spaans and Baker, 1996), and the permeability coefficient of the soil under different water contents can be analyzed by this model, which will be beneficial to the accuracy of the machine learning model in assessing the stability of the slope (Huang et al., 2020a; Huang et al., 2020b). At the same time, the permeability coefficient is an important parameter in the multi physical field coupling model of soil mass, which has certain advantages in analyzing the mechanical properties and deformation of soil mass in the process of underground mineral mining (Li et al., 2022; Tang et al., 2023). In other porous media, the method of this model can be used to analyze the permeability coefficients of different porous materials and different pore solution contents, which has a broad application prospect.
5 CONCLUSION

1) By comparing the calculation results of the model with and without considering the unfrozen water film, it is found that: When the temperature drops to −5°C, there is a discrepancy between the calculated results of the two models of around one time, and when the temperature drops to −10°C, there is a difference of about nine times. Since the permeability coefficient of soil mass is too small after the temperature is reduced to −2°C, it is not significant to consider the permeability of unfrozen water film.
2) Before the soil freezes, the type of salt is the primary factor impacting the permeability coefficient. In this condition, NaCl does not crystallize and has no influence on the permeability coefficient. For sodium sulfate and sodium carbonate, which are crystallizable salts with similar properties, when the salt content is high, the salt will crystallize when the soil is not frozen, and the permeability coefficient of the soil with salt crystallization starts to decrease. The higher the salt content, the faster the decreasing rate.
3) After the soil freezes, the permeability coefficient is directly impacted by the freezing temperature. the lower the beginning freezing temperature, the larger the permeability coefficient. Because different types of saline soil have different influences on freezing temperature, the reason may be that the easily crystallized salt precipitates a large amount of salt before the soil freezes. in general, the permeability coefficient of saline soils after freezing is not directly related to the salt concentration.
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