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Abstract: The permafrost table is an important index 
for the design and construction of roads in cold 
regions, so it is necessary to find a convenient, 
accurate and fast judgment method to determine the 
permafrost table. In this study, a three-field coupled 
model was established based on the hydrothermal salt 
coupling within the permafrost and the similarity 
theory, and the changes of the permafrost table under 
different temperature, moisture and salt conditions 
were numerically simulated by considering the 
transient temperature change and the influence of the 
permafrost layer on the seasonally thawed layer. In 
addition, an accelerated permafrost table test method 
was designed based on the time-domain variation and 
hydrothermal salt coupling by the similarity theory, 
which rapidly simulated the permafrost table change 
under different temperatures, moisture, and salts in 
the natural environment. Comparing the simulation 
and test results with the measured values in the field, 
the errors are less than 3%, which verified the 
feasibility of the method for determining the 
permafrost table, and the simulated results are better 
than the test results. Results show that the results of 

determining the permafrost table with a single index 
have different degrees of deviation, and the 
permafrost table obtained by the temperature index is 
the most accurate in general, and it is more accurate 
to use the average value of the three indexes as the 
permafrost table compared with a single index. 
 
Keywords: Permafrost table; Hydrothermal salt 
coupling; Seasonally thawed layer; Numerical 
simulation; Accelerated test  

1    Introduction  

Frozen soil refers to rock and soil containing ice 
below zero centigrade (Obu 2021). The layers from 
top to bottom are the seasonally thawed layer and 
permafrost layer (Shiklomanov et al. 2013; Dobinski 
2020), as shown in Fig. 1. The seasonally thawed layer 
is close to the ground surface, which is characterized 
by winter freezing and summer melting. The 
permafrost layer is far away from the ground surface 
and remains permanently frozen (Ryan et al. 2018). 
The maximum depth from the ground surface to the 
top of the permafrost layer in a year is the permafrost 
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table, which is the maximum thaw thickness of 
seasonally thawed layer. With global warming, the 
permafrost degrades year by year, and the thickness 
of the seasonally thawed layer increases (Zhao et al. 
2019; Peng et al. 2015). The seasonally thawed layer 
expands and melts with the temperature, leading to 
thaw settlement, frost heave, potholes and cracks (Liu 
et al 2019). Changes in the permafrost table directly 
reflect the activity of the seasonally thawed layer. 
Therefore, the determination of the permafrost table 
is important for the prevention and control of road 
diseases in cold regions. 

At present, the main methods to determine the 
permafrost table are the drilling method, radar 
detection method and empirical formula method (Qi 
et al. 2023; Yang et al. 2018; Xu et al. 2005). 
Although the drilling method has high measurement 
accuracy, the construction period is long and difficult 
and will damage the local ecosystem (Romanovsky et 
al. 2010). The radar detection method is convenient to 
measure, but its accuracy still needs to be determined 
by field test (Daout et al. 2017; Jia et al. 2017). The 
empirical formula method is summarized and fitted 
by a large number of measured data, but the obtained 
error of the permafrost table is large and lacks 
credibility (Romanovsky et al. 2010). Therefore, it is 
essential to propose a convenient, accurate and fast 
method for determining the permafrost table. 

In order to obtain better permafrost table 
determination than traditional method, it is necessary 
to study the variation of the permafrost table change 
under multifactorial conditions. The factors influencing 
the change of the permafrost table include external and 
internal factors. External factors include the impact of 
human activities and environmental changes 
(Rasmussen et al. 2018; Kong et al. 2018; Zhang et al. 
2020). The internal factors include the effects of solid, 
liquid and heat during the freezing and thawing of 
frozen soil and their coupling effects. To determine the 
change law of the permafrost table, it is necessary first 

to understand the changes of external environment and 
the internal change mechanism of soil in the process of 
freezing and thawing. Multiple studies have found that 
the conductivity of water during freezing and 
expansion had a significant effect on solute migration 
and ice separation, and that solute transfer depended 
to a large extent on the movement of unfrozen water, 
by utilizing the electrical conductivity method and pH 
value can monitor the movement pattern of ions during 
the freezing and thawing , thus obtaining the salt 
transport pattern during the freezing and thawing 
(Ming et al. 2016; Bing et al. 2019; Shafique et al. 2016). 
In order to further study the influence of multiple 
factors on the permafrost table, some scholars have 
established salinity field model, considered the 
influence of climate change on hydrothermal salt 
transport, numerically simulated the coupled transfer 
of water, heat, and solute in freeze-thawed saline soils, 
and predicted the influence of future temperature and 
precipitation changes on hydrothermal salt transport in 
unsaturated permafrost (Xu et al. 2020; Wan et al. 
2021). Most studies have focused on the effects of 
coupled hydrothermal salt action on permafrost frost 
heave and thaw settlement at steady-state ambient 
temperatures, while neglecting the effects of coupled 
hydrothermal salt action on the permafrost table at 
dynamically cycling ambient temperatures. In addition, 
the research on the permafrost table focused on the 
seasonally thawed layer. Zhu et al. (2022) modeled the 
permafrost table changes induced by train vibrations 
under different global warming conditions, and the 
freezing and thawing temperature was constant. Zhang 
et al. (2022) studied the change in the permafrost table 
under the influence of snowpack, ignoring the impact 
of the permafrost layer on the seasonally thawed layer, 
this was different from the change in the permafrost 
table under natural conditions.  

In this study, we established a three-field coupled 
model based on the hydrothermal salt coupling within 
the permafrost and the similarity theory, and 
considered the transient temperature change and the 
influence of the permafrost layer on the seasonally 
thawed layer, and numerically simulated the change of 
the permafrost table under different temperature, 
moisture and salt. In addition, an accelerated 
permafrost testing method based on time-domain 
variation and hydrothermal salt coupling was designed 
using similarity theory to rapidly simulate the 
permafrost table changes under different temperatures, 
moisture and salts in the natural environment. 

 
Fig. 1 Vertical distribution of permafrost in summer. 
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Comparing the simulation and test results with the 
field measured values of the permafrost table in the 
Hulun Beier Mountains to the west of the 
Daxing'anling Mountains, the feasibility of the method 
to determine the permafrost surface was verified, and a 
convenient, accurate and rapid method to determine 
the permafrost water level was obtained by analyzing 
the error of the permafrost table determined by a single 
index and multiple indexes. 

2 Determination Method of Permafrost Table 

To determine the position of the maximum 
melting depth of the soil in a year, and that is the 
position of permafrost table. 

The following assumptions were made for the 
theoretical model according to the actual situation. 

(1) Water movement in soil conformed to Darcy's 
law. 

(2) Assuming that the soil was homogeneous and 
had the same properties in all directions, only the 
temperature, moisture and salt content changes in the 
vertical direction were considered. 

(3) There was only vertical temperature 
conduction, the conduction medium was soil skeleton, 
water and ice. 

(4) The effects of water evaporation, salt 
precipitation, frost heave and solid ice on liquid water 
and salt in water were not considered. 

(5) Moisture migration in frozen soil moved in 
liquid form, and the ice was considered fixed. 

(6) Closed without external hydration. 
The flow chart of determination method is shown 

in Fig. 2. 

2.1 Governing equation for heat transfer and 
parameters 

According to the energy conservation law and the 
Fourier heat transfer law, the latent heat of phase 
change was used as a heat source to deal with the heat 
transfer during the freezing or thawing process of 
unsaturated soils. Thus, the differential equations of 
frozen soil heat conduction (Harlan 1973) can be 
expressed as Eqs. (1) and (2) = ( ) +                         (1) = +                                       (2) 

where T is the instantaneous temperature of soil mass 

(°C); t is time (s);  is pore ice volume content;  is 
the volume content of unfrozen water; z is depth 
direction coordinates (m);  is the ice density; 

 
is 

the water density; L is the latent heat during phase 
change from water to ice (kJ/kg);  is the heat 
conductivity(J/(hm °C)); C is the volumetric heat 
capacity (J/(kg °C)).  

The specific heat of the soil can be expressed by 
volume-weighted averages of various material 
components, while the heat conductivity has an 
exponentially weighted nature. Assuming that the soil 
skeleton index is the same in the freeze-thaw state, 
the volumetric specific heat C and heat conductivity  
can be described as Eqs. (3) and (4) = + + 																				(3)	= 																																		(4)	
where , ,  are the mass heat capacity of soil 
particles, unfrozen water and ice (J/(kg °C));  is the 
soil particle density;  is the soil particle volume 
content; 	, 	 ,  are the heat transfer coefficients of 
soil particles, unfrozen water and ice (J/(hm °C)). 
According to reference (Xu et al. 2020),	  =2217,   
=4180,	  =1874,  =1.18,	  =0.58,	  =2.22. 

 The temperature at the location of the 
permafrost table is 0°C, so the depth from the 
location of 0°C to the surface is taken as the value of 
the permafrost table. 

2.2 Governing equation for unfrozen water 
migration and parameters 

According to the thermodynamic principles, soil 
water potential is the fundamental cause of soil water 

Fig. 2 Flow chart of determination method. 
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movement, which is generally composed of gravity 
potential, pressure potential, matrix potential, solute 
potential and temperature potential. For unsaturated 
frozen soil, only the effects of matrix potential and 
gravity potential were considered (Harlan 1973), and 
the motion equation of unfrozen water can be 
expressed as Eqs. (5) and (6) + = ( )                           (5) = +                                    (6) 

where k is the permeability coefficient of soil (m/h);  
is soil water potential (m);  is soil matric potential 
(m);  is soil gravitational potential (m). 

Based on the soil water potential theory of 
unsaturated soil (Vereecken et al. 2010), k and  can 
be expressed as Eqs. (7) and (8) ( ) = [1 − (1 − ) ] ×                      (7) =                                         (8) 

where  is soil permeability under saturated state 
(m/h); a, m, c, d depend on the nature of the soil (Lu 
and Likos 2004), =2.5×10-6 , a=0.5, m=0.25, 
c=0.106, d=6.0532; S is the relative saturation of 
unsaturated soil. 

The relative saturation of unsaturated soil can be 
expressed as Eq. (9) 			 =                                         (9) 

where  is the saturated water content;  is the 
residual water content.

 
The impedance factor I indicates that the 

migration and transport of unfrozen water in the soil 
will be hindered by solid pore ice (Genuchten 1980), 
which can be expressed as Eq. (10). = 10                                   (10) 

The theoretical model is in a closed environment 
with no rehydration, with the increase of temperature, 
the soil begins to melt, the unfrozen water content 
increases gradually, and moves downward under 
gravity. The permafrost layer below has a good water 
insulation effect, and the unfrozen water in the soil 
cannot continue to move downward, at this time, 
unfrozen water is at its maximum. This location is at 
the top of the permafrost layer, which is considered to 
be the permafrost table. 

2.3 Governing equation for salt migration and 
parameters 

Solute migration mainly comes from two aspects: 

one is convective migration accompanied by water 
movement due to concentration gradients, and the 
other is solute diffusion. It can be represented as Eq. 
(11) ( ) = ( )                              (11) 

where c is the solute concentration (g/L);  is 
hydrodynamic dispersion coefficient, including the 
molecular diffusion coefficient of solute 
hydrodynamic diffusion  and mechanical 
diffusion coefficient 	 . 

For unsaturated soil, when the water content is 
low, the molecular diffusion coefficient decreases, 
because the volume of liquid in the soil decreases. 
Therefore,  can be given as a function of water 
content (Dong et al. 2018; Ren et al. 2017), as shown 
in Eq. (12) =                               (12) 

where  is the diffusion coefficient of solute in free 
water ( /ℎ); ,  are empirical parameter related 
to soil property, based on the literature (Ren et al. 
2017), =1.098×10 , =0.00261, =10. 

The mechanical diffusion coefficient  is 
simplified to be linearly correlated with seepage 
velocity, which can be expressed as Eq. (13) = | |                                  (13) 

where  is the degree of dispersion (m), based on the 
literature (Ren et al. 2017), β=7.021× 10  ;  is the 
mean seepage velocity in soil pores (m/h). 

The location of the permafrost table has the 
highest salt content, so the depth from the location 
with the highest salt content to the surface is used as 
the value for the permafrost table. 

2.4 Determination of permafrost table under 
coupling of hydrothermal salt  

According to Eq. (1), Eq. (5) and Eq. (11), the 
unknowns in the equations were	 , , T, c. Therefore, 
to establish the relationship between the four 
unknowns, the unfrozen water content in the 
permafrost was estimated, as shown in Eq. (14)  = ( )                                     (14) 

where  is the
 
initial water content of frozen soil 

(%);  is unfrozen water content (%);  is the 

freezing temperature of soil (°C); B is an empirical 
parameter dependent on soil property, B = 0.56 for 
clayey soils (Lu and Likos 2004). 

Referring to the solid-liquid ratio, the volume 
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ratio of pore ice to unfrozen water in frozen soil was 
defined as solid-liquid ratio , which can be 
expressed as Eq. (15) = = 1.1( ) − 1.1			 ≤		0																			 >             (15) 

Eq. (15) shows that the solid-liquid ratio  is a 
piecewise function of temperature T, so the 
relationship between , , T can be expressed as Eq. 
(16).  = ( ) ×                                (16) 

Combined with Eq. (1), Eq. (5), Eq. (11) and Eq. 
(16), the finite element method was used for 
numerical solution to obtain the temperature, 
moisture and salt content data at different times and 
heights under the hydrothermal salt coupling 
conditions.  

3    Permafrost Table Theoretical Modeling 

3.1 Similarity theory 

The change of the permafrost table is a long-term 
process, taking a decade or even decades. To speed up 
the research process, the actual conditions of 
permafrost can be translated into test conditions 
based on similarity theory. The specimen size and test 
time can be determined according to the thickness of 
the seasonally thawed layer of permafrost under 
natural conditions, laboratory instrument accuracy 
and mold height. 

According to heat conduction theory (Jin et al. 
2004), the mathematical model of frozen soil thermal 
state and single value condition can be described Eq. 
(17) − − − =        (17) 

where x, y, t are independent variables; ,  are 
temperature of thawing soil and frozen soil； ,  

are thermal conductivity of melted soil and frozen soil; 
h is melting depth. 

Using the similarity transform method (Zhou et 
al. 1999) to deal with Eq. (17), three similarity criteria 
can be obtained: the Fourier number = , the 

Nusselt Number = , and the temperature criteria = . Where  is ambient temperature,  is 

thermal conductivity, a is coefficient of heat 
convection. Relationships among the similarity 

constants are = 1 ,          = 1                       (18) 

where,  is similarity constant of thermal diffusivity; 
 is time similarity constant;  is eometric similarity 

constants;	  is similarity constant of the coefficient 
of heat convection;  is similarity constant of the 
thermal conductivity;  is temperature similarity 
constants. 

The same soil with the same initial moisture 
content as the original soil is used as the medium, at 
this time, 	 = = = 1 . when = 1 , the 
temperature change of soil was as the same as the 
original soil, so = . When the soil property of the 
model was the same as the original soil, the time scale 
of model test was the square times of model height 
scale, and the freeze-thaw depth scale of the model 
was the same as the height scale of the model. The 
height of the test mold was 23 cm, and the height of 
the seasonally thawed layer under natural conditions 
measured on site was 1.8-2.6 m, so the geometric 
ratio was preliminarily determined to be 1:20. At this 
time, 

 

is reduced by a factor of 20. Based on the 
relationship between the similarity constants, the 
time  needed to be scaled down by a factor of 400, 
so the variation of the permafrost table for one month 
under natural conditions takes only 2 hours under 
numerical simulation and indoor test conditions. The 
permafrost table obtained from simulations and tests 
can be converted into the corresponding permafrost 
table under natural conditions, with a conversion 
factor of 20.  

3.2 modeling 

The coefficient partial differential equation 
module PDE in COMSOL software was used for 
secondary modeling calculation, Eq. (1), Eq. (5) and 
Eq. (11) were converted into coefficient type partial 
differential equations, as shown in Eq. (19). ( ) + ∇ · (− ∇ ) − = 0+ ∇ · (− ∇ ) + = 0( ) + ∇ · (− ∇ ) + ∇ · (− ∇ ) = 0           (19) 

The numerical simulation scheme was based on 
the temperature change from 2007.10 to 2021.12 in 
the Hulun Beier to the west of the Daxing’anling 
Mountains. The specific location of the monitoring 
site is on Kudur Mountain at longitude 122°42'36''E, 
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latitude 50°1'47''N, and elevation of 982 m. The field 
temperature was divided into 2007.10-2011.12, 
2012.10-2016.12 and 2017.10-2021.12 as the 
simulated boundary temperature. Because the 
temperature change trend in this area conformed to 
the sine function, the temperature change in each 
cycle was fitted to better describe the temperature 
change trend with time. After measurement, the 
initial permafrost table in 2007 was 1.92 m, and the 
initial permafrost table in 2012 was 2.1 m, and the 
initial permafrost table in 2017 was 2.2 m. The 
moisture and salt content of soil samples in 
permafrost and seasonally thawed layer were 
consistent with the field measured data, and we use 
sodium chloride as the base salt. According to the 
field data, unfrozen water contents were 25%, 30% 
and 35%, respectively. The salt contents were 0.5%, 1% 
and 1.5%, respectively. The specific numerical 
simulation schemes of the seasonally thawed layer 
were shown in Table 1. The water content of the 
permafrost layer was 10%, salt content was 0.8%.  

The size of the test mold is shown in Fig. 3. The 
height and diameter of the mold were determined 

based on specification MT-T 593.1-2011, measured 
data in the field and previous studies (Jia BX et al. 
2020; Ji Y et al. 2017). The spacing and size of the 
curved holes and round holes were based on the size 
of the sensors we used and earlier research. The 
height of the seasonally thawed layer and permafrost 
layer were calculated according to the initial 
permafrost table in different temperature ranges and 
the determined geometric ratio. The height of the 
seasonally thawed layer was 9.6 m, 10.5 m and 11 m, 
corresponding to three temperature cycles. The upper 
boundary condition of the model was the temperature 
change function of the seasonally thawed layer in 
different temperature cycles. Based on local measured 
data, the measured ranges of water content, 
temperature and salt content of permafrost layer were 
8.6% to 12.1%, -3.6°C to 2.7°C, and 0.72% to 0.85%, 
respectively, We chose the middle of three ranges as 
the initial water content, temperature and salt content 
of the simulated permafrost layer, which were 10%,  
-3°C and 0.8%, respectively. The surrounding 
boundary conditions are enclosed, free of moisture 
and salt supplementation. According to the field earth 

Table 1 Orthogonal scheme of seasonally thawed layer research under different conditions 

Time 2007-2011 2012-2016 2017-2021 

Temperature ( ) = −0.25 + 18.7sin	(212 + 23 ) ( ) = −0.25 + 18.4sin(212 + 23 ) ( ) = −0.36 + 18.8sin	(212 + 23 ) 
water 25% 30% 35% 25% 30% 35% 25% 30% 35%
salt 0.5% 1% 1.5% 1% 1.5% 0.5% 1.5% 0.5% 1%

 
Fig. 3 Procedure diagram of permafrost test. 
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pressure, the cross-section pressure of the model was 
calculated to be 0.5 kN. The established geometric 
model and mesh division were shown in Fig. 4. Based 
on Literature (Xu et al. 2001), phase change latent 
heat was 334500 (J/kg), the density of permafrost in 
thawing layer was 1600 (kg/m3), the density of 
permafrost was 1900 (kg/m3), the density of water 
was 1000 (kg/m3), the density of ice was 900 (kg/m3). 
The permafrost tables can be determined by the 
different indexes respectively from the corresponding 
distribution cloud maps, as shown in Fig. 5. 

4    Permafrost Table Test 

To further verify the correctness of the method for 
determining the permafrost table, a permafrost table 
test was carried out. The test schemes were shown in 
Table 1. Preparing three identical test pieces under the 
same test conditions, and the average value of the 
permafrost table of the three tests were calculated. 

Specimen Preparation was divided into two parts: 
the upper layer of the seasonally thawed layer and the 
lower layer of permafrost layer, as shown in Fig. 4. The 

production process was as follows (Fig. 3).  
1. Raw material preparation. Soil samples were 

taken from the Hulun Beier Mountains, which were 
dried and ground in a grinder. Removing impurities 
through a sieve with a diameter of 2mm, and putting 
soil samples into sealed bags for use. 

2. Production of seasonally thawed layer. A 
quantitative soil sample was weighed into a basin. The 
mass of distilled water and NaCl crystals required for 
weighing were calculated according to the Table 1 test 
protocol, they were mixed and the solution was stirred 
thoroughly with a glass rod until the NaCl crystals 
were completely dissolved. The configured solution 
was evenly sprayed on the soil surface using a spray 
bottle, and the soil was continuously stirred during 
the spraying process to ensure uniform distribution of 
soil moisture and salts. Putting the configured soil 
sample into the test mold, and compacting the soil 
sample to the necessary test height, putting the mold 
into the operating platform for testing. Water bath 2 
was below the sample and set at 0°C, water bath 1 was 
above the sample. Adjust the height of the 
displacement sensor to make it closely combined with 
water bath 1, and applying constant force to compress 

 
(a) Geometric model                                             (b) Mesh division 

Fig. 4 Modeling and meshing in numerical simulation. 
 

 
(a) Moisture                                              (b) Temperature                                              (c) Salt content 

Fig. 5 Distribution cloud maps for different indexes. 
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the soil sample of the seasonally thawed layer. When 
the displacement sensor reading remained stable, the 
preparation of the seasonally thawed layer was 
completed. After completion, taking out the 
seasonally thawed layer and putting it into the 
incubator for heat preservation. 

3. Production of permafrost layer. The production 
steps of the permafrost layer were the same as the 
seasonally thawed layer. The water content was 10%, 
salt content was 0.8%. When the permafrost layer was 
compacted, we inserted No. 1, No. 2 and No. 3 
hydrothermal salt sensors into the test piece from 
bottom to top. Set the temperature of water bath 1 
and water bath 2 to -20°C to freeze the soil sample of 
the permafrost layer. When the temperature in the 
soil was -3°C, the temperature of water bath 1 was 
turned off, setting the temperature of water bath 2°C 
to -3°C. The fabrication of the test piece of the 
permafrost layer was completed. 

4. Combination. Adjust the height of the 
displacement sensor, and taking out the seasonally 
thawed layer in the incubator, then place it above the 
permafrost layer. Insert the No.4 and No.5 
hydrothermal salt sensors into the soil samples of the 
seasonally thawed layer from bottom to top, 
respectively. Insert four thermocouples at appropriate 
locations according to the test scheme to measure the 
temperature at different soil locations. Set the 
temperature of water bath 1 to the desired 
temperature according to the test scheme. During the 
test, soil moisture and salt content were collected in 
real time by hydrothermal salt sensors No. 1 to No. 5 
inserted into the soil, the hydrothermal salt sensors 
were shown in Fig. 3. Combined with the similarity 
theory, the hydrothermal salt sensor data were 
collected every 0.6 hours, which was equivalent to 
every 10 days under natural conditions, and the data 
can be collected 36 times per year, and the maximum 
value of the permafrost table obtained from these 36 
data was used as the permafrost table for the year. 

Based on the sensor temperature and 
thermocouple data, Soil temperature can be obtained 
anytime. The conduction law of temperature in soil 
can be obtained through calculation. When the 
permafrost reached the maximum thawing depth, the 
permafrost temperature was 0°C. The permafrost 
table could be determined by drawing temperature 
curves at different depths to determine the position of 
0°C in the soil, as shown in Fig. 6. According to the 
data of soil water content at different heights in the 

process of soil freezing and thawing cycles, the 
location of the permafrost table can be tentatively 
inferred to be between the two sensors. 

5. At the end of the freeze-thaw cycle, the soil 
sample was taken out and the surplus soil sample was 
cut off. The soil samples at the preliminarily 
determined permafrost table height were uniformly 
sliced from top to bottom with a thickness of 2 mm, 
and put into aluminum boxes for weighing. The 
quality was . The weighted soil was dried in an oven 
for 4 hours and then weighed again, the quality was 

. The height of the maximum water content in the 
soil can be obtained by comparing the quality 
difference of the soil samples weighed twice at 
different heights. The steps were shown in Fig. 7. 

6. After the sliced soil samples are dried in an 
oven, the soil samples of the same quality were 
weighed from different aluminum boxes and placed in 
a beaker. A sufficient amount of distilled water was 
added according to the ratio of 1:5. The samples were 
fully stirred with a glass rod. After the stirring was 
completed, the samples were immediately filtered. 
The filtrate of the same quality was taken with a 

 
(a) Distribution diagram of soil temperature field 

 
             (b) Enlarged view of 0°C isotherm 

Fig. 6 Test temperature distribution diagram from 
2017 to 2021. 
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dropper and placed in a dry beaker for the water bath, 
drying and weighing. The location of the maximum 
salt content in the soil sample was determined by 
comparing the residual salt mass of different 
aluminum box soil samples after the above operation, 
to determine the position of the permafrost table. 

5    Results and Discussions 

5.1 Permafrost table determined by 
temperature 

In Fig. 8, the results showed that with the increase 
of freezing and thawing time, the permafrost table 
increased gradually, and the increase rate decreased 

gradually. As the temperature rises, the seasonally 
thawed layer begins to melt, the unfrozen water 
moves downward gradually under gravity, and a large 
amount of heat is carried. Meanwhile, as the thickness 
of the seasonally thawed layer increases, and the 
unfrozen water content above decreases gradually. 
Since the thermal conductivity of water is higher than 
that of the soil, the thermal conductivity of the 
seasonally thawed layer decreases, thus the heat 
conduction of the bottom weakens, and the 
permafrost table gradually stabilizes, the changing 
pattern is the same as the permafrost table under 
natural condition. The values of the permafrost table 
obtained by simulation and test are lower than the 
natural conditions. The reason is that under natural 
conditions, there is heat exchange in the surrounding 

Fig. 7 Slice method to determine the maximum water content. 
 

Fig. 8 Permafrost table determined by temperature. (ai) H0=1.92 m, (bi) H0=2.1 m, (ci) H0=2.2 m (H0: Initial 
permafrost table). 
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soil, while the permafrost model is insulated, and the 
temperature can only be conducted from top to 
bottom. Under test conditions, there is heat loss. 

 Under the same temperature condition, the 
permafrost table becomes larger with the increase of 
soil water content and the decrease of soil salt content. 
Because the soil with high water content conducts heat 
well, which can carry a lot of heat to increase the depth 
of soil melting. However, an increase in salt content 
reduces the freezing temperature of the soil. As the salt 
content of the soil increases, the more salt ions in the 
aqueous soil solution, the more ions and water 
molecules participate in the hydration process, making 
the unfrozen water content lower, resulting in 
increased suction in the soil matrix, making the 
freezing process more difficult and the final freezing 
temperature lower. 

In Figs. 8(a1)~8(c1), the average errors between 
the permafrost table determined by simulation and 
the field measured value in different years were 1.05%, 
0.97% and 0.89%, respectively. In Figs. 8(a2)~8(c2), 
the average errors between the permafrost table 
determined by the test and the field measured value 
were 1.06%, 1.11% and 0.92%, respectively. All errors 
were within an acceptable range (Sun et al. 2014), 
which proved the correctness of determining the 
position of the permafrost table by temperature index. 
And the higher the temperature, the more accurate of 
permafrost table obtained by temperature index. The 
simulation results were better than the test results. 
The calculation of the errors, which can be expressed 
as Eq. (20). | / | =                           (20) 

where  is simulated value of permafrost table (m); 
 is test value of permafrost table (m);  is 

measured value of permafrost table (m); E is error 
(%). 

From 2007 to 2011, the minimum difference and 
the maximum difference of the permafrost table 
obtained by simulation and test were 0.21 cm and 1.18 
cm, respectively. Compared with the field measured 
values under the same conditions, the errors were 0.1% 
and 0.59%, respectively. From 2012 to 2016, the 
minimum difference and the maximum difference of 
the permafrost table obtained by simulation and test 
were 0.05 cm and 1.79 cm, respectively. Compared 
with the field measured values under the same 
conditions, the errors were 0.02% and 0.82%, 
respectively, and from 2017 to 2021, the minimum 

difference and maximum difference of the value of the 
permafrost table obtained by simulation and test were 
0.1cm and 1.56 cm, respectively. Compared with the 
field measured values under the same conditions, the 
errors were 0.04% and 0.2%, respectively, which were 
within the allowable range of errors. The results 
further proved the correctness of determining the 
position of the permafrost table by temperature. 

5.2 Permafrost table determined by moisture  

In Fig. 9, in the natural environment, when too 
much rain falls on the surface of the permafrost, the 
moisture seeps into the seasonal freeze-thaw layer 
and, due to the increase in moisture, resulting in a 
reduction in the rate of heat transfer from the soil, 
increasing the rate of permafrost melting and making 
the permafrost table larger. As there was no simulated 
rainfall in the simulated and experimental conditions, 
the permafrost table values obtained were smaller 
than the actual measured values in the field. 

In Figs. 9(a1)~9(c1), the average errors between 
the permafrost table determined by simulation and 
the field measured value in different years were 1.38%, 
1.29% and 1.17%, respectively. In Figs. 9(a2)~9(c2), the 
average errors between the permafrost table 
determined by the test and the field measured value 
were 1.36%, 1.33% and 1.23%, respectively. All errors 
were within the allowable range of engineering error, 
which proved the correctness of determining the 
position of the permafrost table by moisture index. 
With the increase in temperature, the error of the 
permafrost table obtained by moisture decreased. 
From Fig. 8 and Fig. 9, the permafrost table 
determined by temperature index was closer to the 
measured value than that determined by moisture. The 
reason was that the change of the permafrost table was 
due to the change of the unfrozen water content caused 
by the change of soil temperature, and the permafrost 
was melted by the heat carried by moisture. The 
temperature was the most important and direct factor 
for the change of the permafrost table, so the soil was 
more sensitive to the temperature change, and the 
permafrost table obtained by the temperature index 
was more accurate. 

From 2007 to 2011, the minimum difference and 
the maximum difference of the permafrost table 
obtained by simulation and test were 0.04cm and 
0.95cm, respectively. Compared with the field 
measured values under the same conditions, the 
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errors are 0.02% and 0.45%, respectively. From 2012 
to 2016, the minimum difference and the maximum 
difference of the permafrost table obtained by 
simulation and test were 0.09cm and 1.04cm, 
respectively. Compared with the field measured 
values under the same conditions, the errors were 
0.04% and 0.46%, respectively, and from 2017 to 
2021, the minimum difference and maximum 
difference of the value of the permafrost table 
obtained by simulation and test were 0.07cm and 
0.9cm, respectively. Compared with the field 
measured values under the same conditions, the 
errors were 0.03% and 0.4%, respectively, which were 
within the allowable range of errors. The results 
further proved the correctness of determining the 
position of the permafrost table by moisture. 

5.3 Permafrost table determined by salt 
content 

In Fig. 10, the values of the permafrost table 
obtained by simulation and test were greater than the 
field measured values. A large number of unfrozen 
water and salt move to the freezing front during the 
freezing process under natural conditions. With the 
increase in temperature, the evaporation of water from 

the upper surface of the seasonal freeze-thaw layer 
increases the concentration of the salt solution in the 
soil, and salt above the saturation level will crystallise 
and precipitate, these salt crystals will fill the voids in 
the permafrost, resulting in a decrease in the porosity 
of the permafrost, thus impeding the flow of permeable 
water in the permafrost. However, the salt content was 
constant under simulation and test, so the values of the 
permafrost table obtained through simulation and test 
were greater than the measured values. 

In Figs. 10(a1)~10(c1), the average errors between 
the permafrost table determined by simulation and 
the field measured value in different years were 1.72%, 
1.46% and 1.36%, respectively. In Figs. 10(a2)~10(c2), 
the average errors between the permafrost table 
determined by the test and the field  measured value 
in different years were 1.99%, 2.06% and 2.08%, 
respectively. All errors were within the allowable 
range of engineering error, which proved the 
correctness of determining the position of the 
permafrost table by salt content. With the increase of 
temperature, the error of the permafrost table 
determined by salt content decreased. From Figs. 8-
10, the error between the value of the permafrost table 
determined by salt content and the measured value  
was the largest. The reason was that the change of salt 

Fig. 9 Permafrost table determined by moisture. (ai) H0=1.92 m, (bi) H0=2.1 m, (ci) H0=2.2 m (H0: Initial permafrost 
table). 
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content in soil changes with the migration of moisture. 
The migration of water was caused by the change of 
temperature. The influence of salt on the permafrost 
table was the weakest in the freezing and thawing 
process of soil. Therefore, the error of the value of the 
permafrost table determined by the salt index was the 
largest.  

From 2007 to 2011, the minimum difference and 
the maximum difference of the permafrost table 
obtained by simulation and test were 0.06cm and 
2.51cm, respectively. Compared with the field 
measured values under the same conditions, the 
errors were 0.03% and 1.2%, respectively. From 2012 
to 2016, the minimum difference and the maximum 
difference of the permafrost table obtained by 
simulation and test were 0.19cm and 2.58cm, 
respectively. Compared with the field measured 
values under the same conditions, the errors were 
0.09% and 1.14%, respectively, and from 2017 to 2021, 
the minimum difference and maximum difference of 
the value of the permafrost table obtained by 
simulation and test were 1.04cm and 2.85cm, 
respectively. Compared with the field measured 
values under the same conditions, the errors were 
0.43% and 1.17%, respectively, which were within the 
allowable range of errors. The results further proved 

the correctness of determining the position of the 
permafrost table by salt. 

6   Determination of Indexes for Judging the 
Permafrost Table 

6.1 Error analysis of simulations and tests 

The changes of temperature, moisture and salt 
content in the soil were used as the indexes to 
determine the position of the permafrost table. The 
values of the permafrost table determined by the 
three indexes were compared with the field measured 
values, and the errors for different indexes were 
obtained, as shown in Fig. 11. 

In Fig. 11, all errors between the values of the 
permafrost table determined by temperature, 
moisture and salt content and the field measured 
values were less than 3%, which was within the 
allowable range of errors. And this proved the 
correctness of the method for determining the 
position of the permafrost table. The errors of the 
permafrost table obtained by simulation were less 
than the test. This showed that it was more accurate 
to determine the permafrost table through simulation. 

Fig. 10 Permafrost table determined by salt content. (ai) H0=1.92 m, (bi) H0=2.1 m, (ci) H0=2.2 m (H0: Initial 
permafrost table). 
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Under the conditions of simulation and test, the 
average error of permafrost table value determined by 
temperature index was between 0% to 1.26%; the 
average error determined by moisture index was 
between 0% to 1.52%; and the average error 
determined by the salt index was between 0% to 
2.47%, which proved the superiority of temperature in 
determining the position of permafrost table, followed 
by moisture and salt.  

6.2 Error analysis of single and multiple 
indexes  

In Section 6.1, the error in determining the 
permafrost table using the temperature indexes was 
minimized under numerical simulation. The error in 
the permafrost table obtained from a single 
temperature index was compared with the error in the 
permafrost table obtained by averaging the three 
indexes, as shown in Fig. 12. 

In Fig. 12, errors in determining the permafrost 
table for single temperature were all greater than 
those determined by average of the three indexes. In 
order to reduce the influence of external factors on 
the final results and help to obtain more accurate 
permafrost table, we used the average value obtained 
from three indexes as the final permafrost table.  

6.3 Validation of the suitability of the 
simulation 

In order to validate the applicability of 
determining permafrost table by temperature, 
moisture and salt content under different conditions, 
the change of permafrost table under different 
conditions was simulated. And the errors of the 
permafrost table determined by different indexes 
under different conditions were obtained and 
compared with the field measured values. The heating 
rates were set as 0.16°C/a, 0.1°C/a, 0.06°C/a and 
0.025°C/a, respectively. The water content was set as 
25%, 30%, 35% and 40%, respectively. The salt 
content was set as 0.5%, 1%, 2% and 3%, respectively. 
Error variation curves were shown in Figs. 13-15. 

In Fig. 13, with the increase of temperature, the 
error between the permafrost table determined by 
three different indexes and the field measured values 
becomes smaller. Because permafrost is highly 
susceptible to temperature, as the temperature 
increases, the temperature gradient of soil changes 
faster, so the permafrost table is more accurately 
determined by temperature. The temperature 
gradient affects the moisture migration, and the time 
of soil melting decreases with the increase of 

(a) Simulation error distribution 

 (b) Test error distribution 

Fig. 11 Error distribution of permafrost table 
determined by different indexes. 

Fig. 12 Comparison of errors in results for single and 
average indexes. 



 J. Mt. Sci. (2023) 20(11): 3266-3282 

 
3279 

temperature. Under gravity, the moisture 
accumulates more near the permafrost table. The salt 
migrates downward with moisture, and its variation 
law is consistent with moisture, so the errors 
determined by moisture and salt content also 
decrease.  

In Fig. 14, when the moisture is 25%-35%, the 
maximum error of the permafrost table determined by 
temperature is the minimum, thus, temperature is the 
most reliable index to determine the position of the 
permafrost table. With the increase of moisture, the 

error of the permafrost table 
determined by temperature 
gradually increases, while 
the error of the permafrost 
table determined by 
moisture and salt content 
gradually decreases. Finally, 
the permafrost table 
determined by moisture is 
the closest to the measured 
value, followed by 
temperature and finally salt 
content. The reason is that 
the increased moisture 
accumulates more near the 
permafrost table under the 
action of self-weight. Then, 
the moisture distribution 
gradient in the soil becomes 
larger, which can more 
accurately determine the 
maximum position of soil 
water content. However, salt 
migrates with moisture in 
the soil. The increase of 
water content makes it more 
convenient for salt to migrate 
with moisture, and more salt 
accumulates at the top of 
permafrost. Thus, moisture 
is more accurate to 
determine the permafrost 
table. Meanwhile, the 
increase of water content 
slows down the conduction 
of temperature in the soil, 
and the position difference of 
0°C isotherm deviates, which 
weakens the accuracy of 

temperature as an index for determining permafrost 
table. 

 In Fig. 15, with the increase of salt content, the 
errors of permafrost table determined by moisture 
and salt content become smaller, and the errors of 
permafrost table determined by temperature become 
larger. The reason is that with the increase of initial 
salt content, the freezing temperature of soil will 
gradually decrease, The temperature at the location of 
the permafrost table is below 0°C at this time due to 
the effect of salt, so choosing the depth from the 

Fig. 13 Error analysis of permafrost table under different temperatures. 
 

Fig. 14 Error analysis of permafrost table under different moisture conditions. 
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location of 0°C to the 
surface as the value of the 
permafrost table will give a 
small result, and the soil will 
start to melt under the 
condition of negative 
temperature. When the salt 
content of soil increases, the 
melting temperature of ice 
will decrease. There is no 
doubt that the error will 
gradually increase. When 
0°C is still used to 
determine the position of 
the permafrost table, the 
melting time of soil is much 
earlier. More moisture is 
concentrated at the 
maximum melting depth. At 
this time, it is more accurate 
to determine the position of the permafrost table by 
moisture. When the salt content is more, the 
difference of salt distribution in the soil is greater, 
which can more accurately determine the maximum 
salt accumulation.  

6.4 Engineering applicability validation of 
simulation 

In order to further verify the engineering 
applicability of the method to determine the 
permafrost table, the Mado, Qilian Mountains and 
Thermokarst Lake of the Qinghai-Tibet Plateau were 
selected and numerical simulations were carried out 
based on the parameters of permafrost provided in 
the literature (Cao et al. 2014; Sun 2022; Ke et al. 
2022). The values of the permafrost table obtained 
were compared with the field measured values, and 
the error results obtained, as shown in Fig. 16.  

In Fig. 16, the errors between the permafrost 
table values obtained in different areas and the field 
measured values were less than 3%, which showed 
that the method was suitable for determining the 
location of the permafrost table in different regions. 
Compared with the traditional drilling method, our 
method has a shorter construction period and does 
not damage the local ecosystem; compared with the 
radar detection method, it does not need to be 
determined by field tests; and compared with the 
empirical formula method, our method has less error 
and high reliability. 

7    Conclusions 

Based on the water, heat and salt transfer law of 
permafrost under natural conditions, a method for 
determining the permafrost table based on changes of 
temperature, moisture and salt content was proposed. 
The permafrost model was established according to 
the similarity theory, and the permafrost table under 
different simulation conditions was obtained through 
a finite element solution. An accelerated permafrost 
table test with enclosure space, constant pressure and 
no moisture supplement was designed, and the 
permafrost table under different test conditions was 
obtained. The permafrost table obtained under 
simulated and experimental conditions was verified 

 
Fig. 16 Error distribution of permafrost table 
determined by different regions. 

Fig. 15 Error analysis of permafrost table under different salt content conditions. 
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by field measured value, which proved the correctness 
of the method for determining the permafrost table. 
The conclusions are as follows: 

(1) With the increase of freezing and thawing time, 
the permafrost table gradually increases and eventually 
stabilizes, and the increase rate gradually decreases. 
The permafrost table determined by average of three 
indexes the was closest to the field measured value, 
followed by temperature, moisture and salt content. 
With the increase of temperature, the error between 
the permafrost table determined by three indexes and 
the field measured value gradually decreases.  

(2) The permafrost table determined by 
temperature and moisture was less than the field 
measured value, and the permafrost table determined 
by salt content was greater than the field measured 
value. 

(3) Through simulation, the errors of the 
permafrost table determined by temperature, 
moisture and salt content were 0.97%, 1.28% and 1.5% 
respectively, while the errors of the permafrost table 
determined by the test were 1.03%, 1.6%, and 2.04%, 
respectively. The errors of the permafrost table 
determined by simulation were smaller than by test, 
and all errors were less than 3.0% and within the 
allowable error range, which proved the feasibility 
and accuracy of the permafrost table determination 
method. 

(4) The errors of the permafrost table were 
determined by different indexes under the condition 
of single factor change. With the increase of 
temperature, the errors of the permafrost table 
determined by different indexes gradually decrease, 
and the temperature index was superior to moisture 
and salt content. With the increase of moisture or salt 
content, the errors of the permafrost table determined 

by temperature increase. When the moisture was 
more than 35% and the salt content was more than 
2%, the permafrost table determined by moisture was 
more accurate than temperature. The error of the 
permafrost table determined by salt content was the 
largest under any conditions.   
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