
  

Int. J. Electrochem. Sci., 15 (2020) 9459 – 9472, doi: 10.20964/2020.09.57 

 

International Journal of 

ELECTROCHEMICAL 
SCIENCE 

www.electrochemsci.org 

 

 

Measuring the Content of Unfrozen Water in Frozen Soil Based 

on Resistivity 

 
Liyun Tang1, Xin Wang1,*, Fangyan Lan1, Peiyong Qiu2, Long Jin1,3 

1 School of Architecture and Civil Engineering, Xi’an University of Science and Technology, Xi’an, 

Shanxi 710054, China 
2 Department of Civil, Geological, and Mining Engineering, École Polytechnique de Montréal, 

Research Institute on Mines and Environment (RIME) UQAT-Polytechnique, Montréal, QC H3C 3A7, 

Canada 
3 CCCC First Highway Consultants Co., Ltd, Xi’an Shanxi 710000, China 
*E-mail: wangxindeli@163.com 
 

Received: 10 May 2020  /  Accepted: 3 July 2020  /  Published: 10 August 2020 

 

 

This study proposes a new method for calibrating the theoretical model of resistivity versus unfrozen 

water content in frozen soils. The method characterizes correlations between the soil mass resistivity 

and unfrozen water content in the frozen state by investigating the relation between resistivity and 

liquid water content in the drying state. The essential similarity between the soil mass freezing and 

drying processes is analyzed through the process and path of unfrozen (liquid) water reduction. The 

resistivity and unfrozen water (liquid water) content were correlated in soil samples with different 

particle sizes (clay, silt, and sandy soil) during freezing and drying. The test results showed that during 

freezing to temperatures below 5 °C (clay), 4 °C (silt), and 3 °C (sandy soil), the unfrozen water 

content thresholds of providing directional migration channels for conducting particles were 17%, 

14%, and 13%, respectively. During drying, the threshold water contents of clay, silt, and sandy soil 

were 15.35%, 14.87%, and 14.34%, respectively. The correlation between the soil resistivity (ρD) and 

unfrozen water content (θu) in the freezing process can be expressed based on that between the soil 

resistivity and liquid water content in the drying state. Thus, the theoretical model of unfrozen water 

content can be calibrated by conducting a resistivity test under the drying condition. This new method 

is suitable for model calibrations of electrical resistance tomography for engineering applications in 

cold regions. 
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1. INTRODUCTION 

Geotechnical engineers often determine the liquid water content in soil from soil resistivity 

variations [1-4]. The resistivity test results with respect to the soil volume water content are less 
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erroneous than those obtained using the standard method [5, 6]. In frozen soil areas, high-resistivity 

layers are formed on the soil surface after freezing. Changes in the environmental temperature can 

change the resistivity values by tens or hundreds of times [7]. The distribution of underground frozen 

soil has been investigated with some success by geophysical exploration methods. For example, 

Alekseev [8] detected the limit of frozen soil distribution in the south and north along the Xinjiang–

Tibet Highway with electrical sounding, and determined the thickness of the frozen soil layer. 

Keuschnig [9] monitored the stability of rock slopes in the Zugspitze region by electrical resistance 

tomography (ERT). In their studies, the main technical purpose of ERT was analyzing the change of 

unfrozen water content in rock fractures. Drahor [10] tested the distribution of underground caverns 

using ERT, and discussed the applicability of ERT in soils with different water contents. 

Accurately determined correlations between field soil resistivity and unfrozen water content (ρD 

–θu correlations) in frozen soils are the basis of ERT engineering applications in cold regions. 

Although resistivity tests in geophysics are relatively mature, the development of testing methods for 

unfrozen water content has bottlenecked the development of calibration models. 

The physical and mechanical characteristics of the frozen soil are dependent on the presence of 

unfrozen water; therefore, determining its content is particularly important [11-14]. Currently, the 

unfrozen water content in frozen soils can be detected by several methods. Time domain reflectometry 

is simple and clear, but the applicability of its calibration curve is debatable [15-20]. The calorimetric 

method based on the energy conservation law operates by a simple principle, but requires a complex 

calculation process [21]. Nuclear magnetic resonance (NMR) is an early and mature technique for 

testing the unfrozen water content in frozen soil [22]. This technology provides a relational model 

between the unfrozen water content and the soil temperature. The influencing factors of unfrozen water 

content in frozen soils have been determined under different soil conditions, yielding important results 

[23]. However, NMR technology is limited to laboratory measurements, and the test cost is high [24]. 

Considering the mature development of ERT, obtaining the unfrozen water content in frozen soils from 

the variations in frozen soil resistivity is a feasible prospect [25]. However, during the field test, the 

correlation between the resistivity and the unfrozen water content of the soil samples must be 

determined for calibrating the unfrozen water content model. In establishing such a relation, the 

temperature variable can be considered as a bridge linking the resistivity to the frozen water content. 

The correlations between temperature and resistivity and between temperature and the unfrozen water 

content can then be established. The former can be obtained through resistivity testing equipment. 

However, scholars have always believed that the correlation between temperature and unfrozen water 

content can be more accurately determined by NMR, which requires costly equipment. Therefore, the 

feasibility of the sample size and the test cost must both be considered when calibrating a theoretical 

model in the field. In particular, the calibration results obtained from many samples should ensure the 

accuracy and scientific integrity of the theoretical model. 

Against this background, a method that quickly calibrates the resistivity and unfrozen water 

content is urgently demanded. Based on the influence rule of liquid water content on soil resistivity, 

this study experimentally tests the correlation between the soil mass resistivity and liquid water content 

of the soil under freezing and drying conditions. Combining a theoretical analysis and test results, it 

then proposes a new method that characterizes the correlation between the soil mass resistivity and 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

9461 

unfrozen water content in the frozen state from the relation between the soil mass resistivity and water 

content in the drying state. This method is suitable for calibrating test models in ERT engineering 

applications in cold regions. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials 

In this paper, the correlations between resistivity and liquid water content in frozen and dried 

soils were investigated in three kinds of soil materials with different particle sizes (sandy soil, silt, and 

clay). The soil samples were prepared from loess and sandy soil in the Xi'an area. The samples were 

collected, air-dried, and crushed prior to testing. The particle size distributions of the soil test samples 

were measured by a laser particle size analyzer (Bettersize 2000; Liaoning, China). The physical 

parameters of the tested soil are shown in Table 1. 

 

 

Table 1. Basic physical parameters of the tested soils 

 

Category Sandy soil Silt Clay 

Composition 

97% sand grains 7% sand grains 8% sand grains 

2% powder 

particles 
84% powder particles 41% powder particles 

1% clay fractions 9% clay fractions 51% clay fractions 

Liquid limit - 27.8% 75.5% 

Plastic limit - 25.4% 24.9% 

Plasticity index - 1.4% 50.6% 

Volume weight 2.67 
2.72 (no test-

predicted value) 
2.83 

 

 

The appropriate amount of each soil sample was weighed and placed in a cuboid glass plate 

(inner dimensions [30 × 15 × 5] cm3). Following the Wilson's test method [26], the tested soils were 

prepared with a pre-set initial water content (25% sandy soil, 30% silt, and 60% clay) by adding the 

appropriate amount of water to the soil sample. The obtained sample should have a simple initial state 

and a uniform internal structure. Wilson’s method is intended to reduce the cost of repeated testing and 

facilitate result analysis. Each prepared soil mass was sealed in a plastic bag for 72 h to ensure stable 

and uniform moisture diffusion. The soil samples in the plate were cut into soil test samples for 

placement in the Mile soil sample box (inner dimensions [15 × 5 × 5] cm3; Fig. 1). Conducting strips 

were deployed on the left and right sides of the soil sample box in close contact with the soil samples. 

Four temperature holes were observed on the front and back walls of the soil sample box. Into each 

temperature hole, a temperature sensor probe was inserted to a depth of 2 cm. 
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Figure 1. Soil sample box 

 

 

The main equipment of the freezing test was a low-temperature NMR microstructural analysis 

system (MacroMR12-150; Jiangsu, China), which detected the correlation between the unfrozen water 

content and temperature in the frozen soil. The auxiliary equipment included an AC-voltage regulating 

power supply (STG-500W; Zhejiang, China), a voltmeter (UT-201; Shanghai, China), a multimeter 

supporting low-temperature systems (VC9806; Guangdong, China), and a four-channel temperature 

monitoring system (HT-9815; Guangdong, China, with a test accuracy of ±0.1 °C). The main 

equipment of the drying test was a vacuum drying oven (temperature range: 10 °C~300 °C, control 

accuracy: 0.1 °C), supported by a voltage controlled power source (STG-500W AC), a voltmeter (UT-

201), a multimeter (VC9806) and an electronic scale with a test accuracy of 0.01 g.  

 

2.2. Methods 

Clay, silt, and sandy soils with different particle sizes were tested in this study. The resistivity, 

unfrozen water content, and temperature correlations were measured in 12 frozen soil samples. Four 

test samples were prepared for each type of soil mass: two (parallel control) samples for the resistivity 

test and two (parallel control) samples for the unfrozen water content. The initial water content was re-

measured after preparing the soil samples. Six samples were prepared for testing the correlation 

between the liquid water content of the soil and the resistivity in the dried state. Two samples of each 

kind of soil were prepared as the parallel control. The specific test groups are shown in Table 2. 

 

 

Table 2. Test groups for obtaining correlations between the frozen soil temperature, resistivity, and 

unfrozen water content 

 

Soil mass 

type 
No. 

Initial water 

content 
Test environment 

Data collection 

frequency 
Test index 

Clay 

C1 58.0% Deep freezing 1 °C/time θ, T 

C2 57.1% Deep freezing 1 °C/time θ, T 

C3 59.4% Deep freezing 1 °C/time ρ, T 

C4 58.1% Deep freezing 1 °C/time ρ, T 

C5 59.4% Drying at 45 °C 4 min/time ρ, θ, t 
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C6 58.1% Drying at 45 °C 4 min/time ρ, θ, t 

Silt 

M1 29.7% Deep freezing 1 °C/time θ, T 

M2 30.1% Deep freezing 1 °C/time θ, T 

M3 30.7% Deep freezing 1 °C/time ρ, T 

M4 30.1% Deep freezing 1 °C/time ρ, T 

M5 30.7% Drying at 45 °C 2 min/time ρ, θ, t 

M6 30.1% Drying at 45 °C 2 min/time ρ, θ, t 

Sandy soil 

S1 25.0% Deep freezing 1 °C/time θ, T 

S2 25.5% Deep freezing 1 °C/time θ, T 

S3 25.1% Deep freezing 1 °C/time Ρ, T 

S4 25.4% Deep freezing 1 °C/time ρ, T 

S5 25.1% Drying at 45 °C 2 min/time ρ, θ, t 

S6 25.4% Drying at 45 °C  2 min/time ρ, θ, t 

Note: ρ is the resistivity, θ is the unfrozen water content, and t is the test time. 

 

θ was determined by NMR as described in the literature [17] and was calculated as follows: 

u 0
s

n

Y

Y
 =      （1） 

where θu and θ0 are the unfrozen and initial water contents, respectively, Ys is the signal 

strength, and Yn is the signal strength at a certain temperature obtained by a paramagnetic linear 

regression function. 

The soil resistivity was calculated by Eq. (2) [19].  
U S

I L



=


     （2） 

where U is the voltage, I is the current, and S and L are the lateral area and length of the tested 

soil sample, respectively. 

The correlation between the unfrozen water content and temperature of the frozen soil was 

determined by the following process. First, the prepared soil sample was placed in a low-temperature 

thermostat bath connected to a conductor. The soil test sample was frozen at −30 °C. The signal and 

resistivity of the hydrogen atom were measured as the soil temperature was lowered by 1 °C intervals. 

The measurement frequency was appropriately increased when the temperature reached 0 °C and 

below. The total freezing time of the test was at least 12 h, and the temperature control was based on 

the readings of the sensor probe inserted into the soil sample (the soil temperature was taken as the 

average of the temperatures at four points). 

The process for testing the correlation between frozen soil resistivity and temperature is 

described as follows: A prepared soil sample is placed in the same low-temperature environment as in 

the unfrozen water content test process outlined above (the low-temperature environment box consists 

of a standard NMR equipment coil and insulation material cooled by cold liquid). The conductors on 

each side of the soil sample box are fixed with a conducting strip. The soil sample is cooled to a 

freezing temperature of −30 °C, and voltage and current data are recorded each time the temperature is 

lowered from this initial temperature by 1 °C. Voltage is controlled at 50 V±1 V, and the test 

equipment’s temperature control is based on readings from a temperature sensor inserted into the soil 

sample (temperatures at four points are selected to calculate an average value). 
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The specific steps for testing resistivity and water content during drying are as follows: First, 

the conductor is connected, then the soil sample is placed on the electronic scale bracket, and the 

bracket mass and initial soil sample mass are recorded. Next, the drying baker temperature is adjusted 

to keep it at the pre-set temperature (±3 °C). The drying time is then determined in combination with 

the description of the pre-test results and is combined with the liquid water loss rate during soil sample 

drying. The soil sample resistivity and mass are tested based on the test timings presented in Table 2. 

To ensure test accuracy, the test circuit’s power supply should then be turned off each time the 

resistivity is recorded.  

During the soil sample drying process, soil sample resistivity and soil mass variation are tested 

based on the set time, and the liquid water content under each test node is converted following a 

conversion formula that can be expressed as 

    （3） 

where B is the soil sample bracket mass (g), D is the residual mass (g), and C is the total dry soil 

mass (g) of the soil sample determined using the formula of C = (A − B)(1 + ω), where A is the soil 

sample’s initial mass (g) and ω is its initial water content (%). 

 

 

3. RESULTS AND DISCUSSION 

3.1. Relation between unfrozen water content and temperature 

The correlation between temperature and unfrozen water content in case of the sandy (S1), silt 

(M1), and clay (C1) soils based on NMR is presented in Fig. 2. The test results in the parallel control 

group show good consistency, thus the test results of the unfrozen water content of samples C1, M1, 

and S1 with varying temperatures variation are analyzed correctly. 

Below 0 °C, unfrozen water content clearly decreased with the decreasing temperature, 

whereas the unfrozen water content remained almost unchanged in the positive temperature stage. For 

C1, the unfrozen water content decreases rapidly when the soil sample temperature is between 0 °C 

and −6 °C. For M1, the unfrozen water content decreases rapidly when the soil sample temperature is 

between 0 °C and −7 °C. For S1, the unfrozen water content decreases rapidly when the soil sample 

temperature is between 0°C and −8 °C. These trends are similar to those observed in previous research 

[27]. The analysis results show that the speed of the decrease in unfrozen water content in this stage 

can reflect the pore structure and distribution in the soil mass as well as the soil’s clay fraction content 

to a certain extent. If the soil sample has a lower clay fraction content, it can be frozen.  

The unfrozen water content shows an obvious decrease with the reduction in soil sample 

temperature from −8 °C to −15 °C. The test results clearly show that even if the soil temperature 

reaches −15 °C, the unfrozen water content values in C1, M1, and S1 are 2.7%, 1.9%, and 0.4%, 

respectively. Thus, the unfrozen water is the bound water in soil samples, which is divided into 

strongly bound water and weakly bound water. The strongly bound water is difficult to freeze and will 

remain liquid even at the lowest freezing temperature (−83 °C) [28]. This is because the existence of 

strong matric suction (or molecular suction) on the bound water surface hinders liquid water’s 

100%
D B C

C


− −
= 
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transition to a solid state [29]. Meanwhile, the existence of matric suction makes the directional 

migration of conductive particles on the bound water surface and in its interior under the action of an 

electric field extremely difficult, thus leading to low conductivity. The silt used in this test also 

contains a small amount of clay particles, causing a certain degree of a “delaying” effect on the 

freezing process of the soil mass as well as an “inhibiting” effect on the soil mass’s conductivity. 

 

 

 
 

Figure 2. Changes in the unfrozen water content in soil during the freezing process in case of the clay, 

silt, and sandy soils 

 

 

3.2. Relation between resistivity and temperature 

The resistivity of sandy (S3), silt (M3), and clay (C3) soil at different temperatures is shown in 

Fig. 3. The thresholds of resistivity changing with temperature for C3, M3, and S3 are −5 °C, −4 °C, 

and −3 °C, respectively. The resistivity during the positive temperature stage basically stays unchanged 

with varying temperature. When the temperature is below the threshold, resistivity shows an obvious 

increase as temperature decreases. The reason is that the liquid water content in the samples during the 

positive temperature stage remains basically unchanged (Fig. 2). As a directional migration channel of 

conducting particles in the samples, liquid water, which can also be called a medium, largely 

determines the conductivity strength of a soil mass. When the sample temperature is between 0 °C and 

−5 °C, resistivity shows an obvious increasing trend of between 200 Ω·m and 600 Ω·m; between 0°C 

and −4°C, resistivity shows an obvious increasing trend of between 150 Ω·m and 500 Ω·m; and when 

the sample temperature is between 0 °C and −3 °C, resistivity shows an obvious increasing trend of 

between 100 Ω·m and 450 Ω·m. Obviously, resistivity increases more significantly when the sample 

temperature reaches −5 °C to −15 °C, with an increased value much larger than the 200 Ω·m to 600 

Ω·m observed at 0 °C to −5 °C and a maximum value of more than 9000 Ω·m. 

The reason is that the liquid water in the soil changes into solid ice crystal particles when the 

temperature is between 0 °C and −5 °C. The directional migration of conducting particles through 
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liquid water pore channels is inhibited by the existence of ice crystal particles, leading to an obvious 

decrease in soil conductivity and a corresponding rapid increase in resistivity. Although the unfrozen 

water content decreases from 0 °C to −5 °C, the resistivity growth rate is not the largest, with the 

fastest growth occurring from −5 °C to −15 °C. Further analysis shows that although the unfrozen 

water content decreases in this stage, that decrease is not enough to cause the directional migration 

channel of conducting particles to disappear completely. In other words, there is a limit value for 

unfrozen water content in the soil sample that can provide a directional migration channel for 

conducting particles. The limit value can be referred to as a temperature threshold as shown in Fig. 3. 

As long as the channel exists, conductivity will exist [30]. 

 

 

 

 
 

Figure 3. Relation between resistivity and temperature in case of the clay, silt, and sandy soils during 

the freezing process 

 

 

3.3. Relation between unfrozen water content and resistivity 

The relation between frozen sandy, silt, and clay soil resistivity and unfrozen water content can 

be obtained, as shown in Fig. 4. The resistivity value shows three different decrease trends with respect 

to the unfrozen water content. In stage I in Fig. 4, the resistivity value is stable; in stage II, the 

resistivity value increases. In stage III, the resistivity value increases quickly. The thresholds of 

unfrozen water content in the clay, silt, and sandy soils are 17%, 14%, and 13%, respectively. When 

the unfrozen water content is lower than the threshold value, the soil resistivity increases rapidly [31]. 

Before freezing, the total resistivity of the soil sample is stable because the water content in the 

inner and outer soil layers is uniform and the current is stable. In the unfrozen state, the outer soil 

sample cools toward freezing. During freezing, the continuous decrease in water content in the outer 

soil layer changes the soil–water potential. This change in the soil–water potential provides the power 

for water migration under freezing conditions. The suction increases near the freezing front of the 
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outer soil layer, resulting in the quick migration of water from the inner to the outer layer of the soil 

sample [32]. After migrating to the outer layer, the unfrozen water continues to freeze, and the frozen 

ice crystals inhibit the directional migration of the conductive ions. The high resistance of the outer 

parallel branches continues to increase, considerably increasing the soil resistivity. The unfrozen water 

in the soil is almost completely frozen at later freezing times, and the residual bound water in the soil 

sample cannot provide a directional migration channel for conductive ions. The thickness of the high-

resistance layer in the soil sample increases drastically, and the current passes through the soil sample 

in series. Because the total resistance is dependent on the maximum resistance, the soil sample 

resistivity continues to increase. 

 

 

 

 
 

Figure 4. Variation in resistivity under different unfrozen water content in case of the clay, silt, and 

sandy soils during the freezing process 

 

 

3.4. Relation between liquid water content and resistivity 

The correlation between the drying time and liquid water content is shown in Fig. 5. The drying 

curves of the two parallel samples in the same group are virtually identical, thus the test has good 

repeatability. The relation between drying time, evaporation rate, and liquid water content of clay (C5), 

silt (M5), and sandy (S5) soil samples is analyzed. 

 

 

0 5 10 15 20 25 30 35 40 45 50 55 60 65

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Temperature, T (℃)

T
h
re

sh
o
ld

 v
al

u
e 

w
at

er
 c

o
n
te

n
t,

 
 (


)

Increase rapidly  

 

 Clay

 Silt  

 Sand

R
es

is
ti

v
it

y
, 

ρ
（

Ω
m
）

Unforzen water content,  ()

Stable resistivityⅠ

Increase resistivityⅡ

Ⅲ

-5 -4 -3
0

2

4

6

8

10

12

14

16

18

13%
14%

17%

 

 

 Clay

 Silt 

 Sand



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

9468 

 
 

Figure 5. Relation between the soil mass drying time and liquid water content 

 

 

The soil test sample drying can be roughly divided into a constant rate stage, a decreasing rate 

stage, and a residual stage. The liquid water content evaporation rates differ in the three stages. The 

drying time for soil samples with an initial water content of 58% is approximately 350 min at 45 °C. 

The drying time for soil samples with an initial water content of 30% is approximately 180 min. The 

drying time for soil samples with an initial water content of 25% is approximately 150 min. The 

evaporation rates of clay, silt, and sandy soil during the constant rate stage are 0.149 g·min−1, 0.165 

g·min−1, and 0.173 g·min−1, respectively. When the evaporation rate approaches 0 g·min−1, the three 

soil samples have liquid water contents of approximately 2.1%, 1.5%, and 0.3%, respectively. 

 

 

 
 

Figure 6. Relation between the liquid water content and resistivity 
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The correlation between the liquid water content and resistivity variation during the drying 

process is shown in Fig. 6. The overall trend of resistivity variation with liquid water content, 

demonstrates that the resistivity variation law can be roughly divided into a stable stage, an initial 

rising stage, and a fast rising stage. This law is essentially consistent with that of the unfrozen water 

content and resistivity of the same samples under a freezing state. The water content thresholds of clay, 

silt, and sandy soil are 15.35%, 14.87%, and 14.34%, respectively. When the water content is lower 

than the threshold, soil resistivity shows a rapid growth trend. 

 

3.5. Electrochemical analysis of the unfrozen water content in frozen soil 

The schematic diagram of the weakening of the conductive channel during the freezing process 

of the soil is shown in Fig. 7. When the soil freezes, the liquid water becomes solid ice and the ice 

crystals fill the free water path. The frozen soil conductivity is considerably affected by this physical 

process because it reduces the effect of the pore channels. The frozen soil conductivity gradually 

differs from the unfrozen soil conductivity as the developing ice crystals inhibit the free water path. 

During the continuous freezing process, the free water in the pore channels becomes completely frozen 

and ice crystals fill the whole free water path. The weakening effect of the pore channels becomes 

more obvious during this process because the free water path (the most conducive path to conductivity) 

is completely blocked in the frozen soil. The conducting particles can directionally migrate only 

through the conductive paths along the soil–particle surfaces and the soil-bound water. The soil mass 

conductivity is reduced significantly at this stage. Thus, liquid water is considered as the core factor 

affecting the soil mass conductivity. 

 

        
 

Figure 7. Schematic diagram of the weakening of conductive channels during the freezing process of 

soil 

 

The unfrozen water behavior and the resistivity variation of freezing soil can be divided into 

four processes: pre-freezing, initial freezing stage, middle freezing stage, and later freezing stage. The 

water content and resistivity variations of the soil samples during drying are divided into four 

processes: pre-drying, initial drying stage, middle drying stage, and later drying stage. The unfrozen 

(liquid) water content in the aforementioned two sets of processes decreases inward from the outer soil 

layers. In the unsaturated state, the water pressures in the dried and frozen soils with the same water 
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content become almost identical; therefore, the soil–water potential provides similar water-migration 

agents during the freezing and drying processes. Because the contents and distributions of liquid 

(unfrozen) water in the soil are very similar in the two cases, the growth trends with respect to the soil 

sample resistivity are similar for the two sets of processes. 

Data on the variation of liquid water content and resistivity during the drying process, as shown 

in Fig. 5, are analyzed. Additionally, these data are also compared with those of unfrozen water 

content and resistivity during freezing as shown in Fig. 3. The resistivity variation law is similar when 

liquid water content is decreased during the freezing and drying of soil samples. The resistivity value 

corresponding to the same liquid water content under freezing conditions is slightly larger than that 

during the drying process. The correlation between the soil resistivity and unfrozen water content 

during the freezing process can be expressed based on the correlation between the soil resistivity and 

liquid water content in the drying state. 

Previous work [25] shows that the relation between the soil mass resistivity (ρ) and unfrozen 

water content (θu) can be fitted by Eq. (4). 

    （4） 

where m and n are empirical parameters. Table 3 presents the coefficients of the fitting formula. 

 

 

Table 3. Comparison of the fitting coefficients 

 

Conditions Types of soil m n Degree of fitting 

Frozen 

Clay 97497 −1.862 R2 = 0.92 

Silt 44195 −2.047 R2 = 0.94 

Sand 9583.5 −1.561 R2 = 0.89 

Dry 

Clay 50664 −1.598 R2 = 0.92 

Silt 68345 −1.607 R2 = 0.81 

Sand 42151 −1.878 R2 = 0.89 

 

Test data show that there is a certain amount of error when the correlation between the 

unfrozen water content and soil mass resistivity is characterized by relying solely on the relation 

between soil mass resistivity and liquid water content during the drying process. However, when the 

unfrozen water content is below the threshold, even if there is an error of 500 Ω·m~1000 Ω·m, which 

is reflected in an unfrozen water content of between 2% and 5%, that error is acceptable. The freezing 

and drying methods should be combined during the actual field test; however, for further cost savings, 

resistivity test calibration during the drying process should be preferentially adopted and assisted by 

the resistivity test in a partial freezing process to conduct field calibration tests. 

Based on the calibrated test model, substantive tests of unfrozen water content, resistivity, and 

temperature as well as other physical quantities in the same kind of soil can be conducted in the 

laboratory. The correlation between unfrozen water content, resistivity, and temperature can also be 

studied economically and quickly [33]. This provides theoretical and technical support for ERT model 

calibration in engineering applications in cold regions.  

n

um =
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4. CONCLUSIONS 

The processes and paths of decreased unfrozen water content in the soil during freezing and 

drying are similar, and resistivity variation is synchronous with decreased unfrozen water content in 

real time. During the freezing process, when the freezing temperatures of clay, silt, and sandy soil are 

lower than 5 °C, 4 °C, and 3 °C, respectively, the thresholds of unfrozen water content to provide 

directional migration channels for conducting particles are 17%, 14%, and 13%, respectively. During 

the drying process, the water content thresholds of clay, silt, and sandy soil are 15.35%, 14.87%, and 

14.34%, respectively. When the unfrozen water content is lower than the threshold, soil resistivity 

shows a rapid growth trend. The correlation between the soil mass resistivity and unfrozen water 

content during the freezing process can be expressed by the correlation between the soil mass 

resistivity and liquid water content under the drying state. In other words, the theoretical model of 

unfrozen water can be calibrated using a resistivity test under drying. Therefore, a new calibration 

method can be provided for the ERT test model in engineering applications in cold regions. 
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