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ARTICLE INFO ABSTRACT
Keywords: The exploitation of underground space is accompanied by complex geotechnical problems. The
Silty soil development of electromagnetic exploration technology provides a new perspective for pre-
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Physical property indices

Unfrozen water

venting and avoiding these problems. In this work, electrochemical impedance spectroscopy (EIS)
was used to test the single-phase and mixed-phase medium. Based on the unsaturated soil theory
and the dual-water conductivity theory, an equivalent circuit model to describe the electro-
chemical characteristics and microstructure of silty soil with temperature changes through
comparative research. The results indicate that the resistance of near-water layer is not affected
by temperature, the resistance of silty soil increases mainly results from the influence of the far-
water layer until which increases significantly after freezing. The capacitance change of silty soil
is mainly affected by the slowing down of the orientation movement of polar molecules in the far-
water layer. Based on the fitting data, a mathematical model for calculating the unfrozen water
content of frozen soil was proposed, which reasonably verified the relationship between the
unfrozen water content and electrical resistance. By improving the testing conditions of elec-
trochemical impedance spectroscopy, this method may provide new insights for future research of
soil electromagnetic testing technology.

1. Introduction

Silty soil is a kind of soil with special engineering properties between sandy soil and clay, which is widespread on the earth because
of complex origin. But regardless of the type of origin of silty soil, its structure and stability performance are always poor, which leads
to the soil sample easily disturbed by conventional physical experiments and results in the final experimental data to high variability
[1]. As the public’s recognition of electromagnetic technology gradually deepens, electromagnetic technology can be effectively
applied as a test method with less disturbance to the soil. Therefore, fast, reliable, and conventional electromagnetic technology is
needed to test the physical and chemical properties of soil in all aspects of hydrology, agriculture, and civil engineering [2].

For nearly a century, modern electronic technology has provided strong support for the research of electromagnetic testing. Re-
sistivity method [3,4], conductivity method [5,6], permittivity [7,8], time domain reflection (TDR) method [9], etc. are widely used to
obtain underground information, such as soil properties (soil type, porosity, pore fluid, metal structures, transfer and diffusion of
pollutants). At the same time of outdoor exploration, laboratory electrical measurements are carried out to describe soil characteristics,
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Figure 1. Scheme of impedance Z.
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Figure 2. Dynamic response process corresponding to frequency in EIS [14].

to enhance the understanding of the internal structure of geotechnical materials. Due to the physical property, microstructure,
composition, especially electrical property of the soil sharply changes affected by the surrounding environment, and the inhomoge-
neous charge distribution (polarization) reduces the conductivity of the overall system. When the system is subjected to an external
potential, the electrode polarization is influenced by soil in a unique way, and conventional electrical measurements turn to difficult
results from this phenomenon [10]. Thus, the measurement method not disturbed by polarization effects at MHz frequencies and
higher frequencies becomes important, the focus of electrochemical research has shifted from time concentration dependence to
frequency-related phenomenon, and tends to study small-signal alternating current.

Electrochemical impedance spectroscopy (EIS) is proven to be a powerful nondestructive tool for characterization of batteries,
hardened cement slurry, concrete, and metal corrosion [11,12]. As shown in Fig. 1, the change of impedance Z with frequency is used
to characterize the kinetics of the bound or moving charge in the various material within a wide range of frequency.

Z = AV(t)/AI(t) = AVsin (wt)/Alsin (a)t,—i— @) )
= [Zlexp (~jo) = |Z|(cos ¢ — jsin ) = Z —jZ"
where t is the time, AV and AI are the maximum values for voltage and current signals respectively, w=2zf is the angular frequency,
with f being the frequency (Hz), ¢ is the phase difference between the voltage and current, j2=-1, Z is the real component equal to |Z|
cosg, Z' is the imaginary component equal to |Z|sing, and |Z| is the magnitude of the impedance equal to [(Z)? + (2")?]"/2.

As shown in Eq. (1), the impedance Z is a complex curve characterized by the real part quantity (X axis) and the imaginary part
quantity (Y axis) in the coordinate system. The phase angle p=arctan(-Z"/Z ) reflects the change of the chemical reaction process with
frequency in the system [13]. The dynamic and frequency related processes of electrochemical system in the frequency region of
electrochemical impedance spectroscopy are summarized in Fig. 2 [14]. The impedance spectroscopy data in the 107 ~10°% Hz can be
used to characterize electrochemical process of conductive medium. Subsequent experiments also confirmed this result.

Electrochemical impedance spectroscopy is the measure of the charge transfer law with frequency at an applied electric field.
However, electrochemical impedance spectroscopy data obtained through experiments usually requires to develop an accurate
equivalent circuit model to decipher [15]. The establishment of equivalent circuit model is based on the charge transfer process inside
the materials. Charge conduction in the soil is mainly derived from ion migration in the pore fluid [16]. At present, some scholars have
studied the AC characteristics of soil, Han [17] proposed an integrated equivalent circuit model and impedance formula for sandy soils,
based on three different kinds of conductive paths in microstructure of soil and theory of electrochemical impedance spectroscopy. Hui
Dong [18] illustrated the structural characteristics of soil-rock mixtures, aiming at deducing the relationship between physical
property indices based on the three-level equivalent circuit. However, the electrical conductivity mechanism of the soil and the specific
physical meaning contained in the circuit component parameters have not been explained in detail. Furthermore, different from the
sandy soil or the rock, since the silty soil contains a considerable amount of clay particles (grain size<0.005 mm), moisture-distribution
and ion transfer in the pore of silty soil are greatly influenced by the unique physicochemical properties of the clay mineral, and the
overall conductivity is further affected, especially under the influence of the temperature field of soil, the phase change of pore solution
complicates the pore structure and affects the electroconductibility of soil.

In this study, a new equivalent circuit model about charge conduction in silty soil is established. EIS is applied to obtain complex
impedance curves of single-phase medium (dry soil particles, different concentrations of NaCl electrolyte) and mixed-phase medium
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(silty soil with pore solution containing different concentrations of NaCl) at different temperatures. The electrochemical characteristics
of silty soil that affect the charge transfer are studied by comparing the fitting electrical parameters of different medium at various
temperatures, the mathematical relationship between the physical indexes and the electrical parameters of silty soil is established, to
demonstrate that electrochemical impedance spectroscopy is a reasonable detection method for soil. Furtherly, long-term practicality
of electrochemical impedance spectroscopy to test soil is discussed by improving test conditions.

2. Equivalent circuit model and impedance of three-phase conductive medium
2.1. Integrated conductive paths of silty soils

Soil is a porous and multiphase medium, consisting of solid skeleton composed of soil particles, pores filled with liquid and gas
phases. The conductivity of soil is not only related to the conductivity of pore solution, but also depends on the degree of interaction of
pore solution with the solid-phase skeleton [19]. In particular, the clay particles occupied in the silty soil have a strong adsorption to
pore solution. Clay minerals are usually flaky particles because of the isomorphic replacement and uncompensated bond at the edge of
particle, excessive negative charges are attached to edges of particles. The surface charge of the clay particles is maintained in balance
from the presence of cations. When the soil is dried, cations are tightly adsorbed on the surface of particles, and salt precipitation is
derived from excess ions. When the soil is wet, the polar water molecules contact with the cations to form the electrolyte fills pores,
namely free water molecules and hydrated ions. The cations leave the clay surface and move relatively freely in the water, which
improves the conductivity of soil. Although the hydrated cations on the surface of the clay particles are fluid, their distribution in the
water is not uniform. These cations are still attracted near the surface of the clay, and their distribution is determined by thermal
motion and coulomb force, presenting a characteristic concentration distribution of high cation concentration near the particle, that is,
the electric double layer structure on the surface of particle, until the position away from the surface of particle reaches the overall
concentration of pore solution.

According to the study by Clavier et al., the fluid in the electric double layer is different from the conductive properties outside the
electric double layer due to the adsorption of clay particles. Therefore, they proposed the dual-water model for conductivity of
geotechnical medium [20] The conductive fluid in the soil pores is divided into two parts by the model, that is, the conductive path of
the pore water is divided into two parts. As shown in Fig. 3, the water outside the electric double layer is called “far-water” or free
water, I; is the current of the far-water conductive path. The water on the surface of the clay (in the electric double layer) is called
“near-water” or clay water, including strongly bound water and weakly bound water, I, is the current of the near-water conductive
path. In order to facilitate the description of the following article, the “near-water” and “far-water” conduction paths are only
mentioned. The theoretical basis of dual-water model is consistent with the charge transfer mechanism and adhesion characteristics of
silty soil. Therefore, it can be used as an important reference for studying the conductivity of geotechnical medium.

Based on the conductive mechanism of dual-water model, an equivalent circuit model of electrochemical impedance spectroscopy
of silty soil is established. According to the 300 times magnified microstructure photo of silty soil compacted in the laboratory,
following the approach of predecessor [21,22], the conductive path of soil containing pore solution is divided into three parallel
elements:

(1) continuous pore conductive paths (CPPs, path 1 in Fig. 4), conductive paths through the continuous interstitial soil pore solution
(a liquid element).

(2) discontinuous soil particle-pore conductive paths (DPPs, path 2 in Fig. 4), conductive paths through alternating layers of soil
particles and interstitial soil solution (a solid-liquid series element), continuous pores in the soil are blocked by soil particles (SPs), so
they are designated as discontinuous points in the conductive path, and the charge will be conducted along the near-water layer on the
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Figure 3. Microscopic schematic diagram of soil conductivity based on the Dual-water model. I;-free water conductivity path, I>-clay water
conductivity path [20].
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Figure 4. Microstructure of silty soil in lab (X300 amplification): 1-continuous pore conductive paths (CPPs), 2-discontinuous soil particle-pore
conductive paths (DPPs), 3-continuous soil particle conductive paths (CSPs), SPs-soil particles blocked in continuous pore paths.
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Figure 5. The simplified equivalent model and circuit for silty soils. I,,-far-water conductivity path, I,-near-water conductivity path.

surface of soil particles.

(3) continuous soil particle conductive paths (CSPs, path 3 in Fig. 4), conductive paths through or along the surfaces of continuous
soil particles (primarily associated with near-water layer) in direct contact with one another (a solid element).

The impedance of silty soil depends on three different conductive paths on consideration of the above content. Most of clay
minerals in the silty soil that constitutes the solid skeleton component are classified as the electronic semiconductor type. The
impedance of the soil particle skeleton can be regarded as infinite relative, and its influence is usually ignored. As Sauer’s study shows
that the soil particles are filled by the liquid or air in the pores and the water film surrounding surface. Obviously, there is not enough
direct contact between the particle aggregate units in the soil structure [23].

The microstructure of silty soil can be simplified as shown in Fig. 5, the dark blue area is the near-water conductive path, the light
blue area is the far-water conductive path, and the yellow area is silty soil particles. The electrical conductance of the gas phase in the
soil is zero, so the influence of air can be ignored. Correspondingly, the impedance of two parallel conductive paths combined into the
total impedance of silty soil is expressed as Eq. (2)

Z=1/(1/Zcpp + 1/ Zppp + 1/ Zcsp) = 1/(1/Zy +1/Zp) @

where Z is the total impedance of silty soil; Zcpp is the impedance of continuous pore conductive paths, Zppp is the impedance of
discontinuous soil particle-pore conductive paths, Zcgp is the impedance of continuous soil particle conductive paths, Z,, is the
impedance of far-water layer, Z, is the impedance of near-water layer. Therefore, the conduction mechanism of most silty soil can be
simplified to a dual-path model according to the dual-water model (Fig. 5). That is, the total resistance is contributed by the near-water
resistance R, and the far-water resistance Ry,.

In fact, when alternating voltage is applied at both ends of conductive medium, the positive and negative carriers or dipoles in the
medium will be polarized by the action of the electric field, the bound charge opposite to the free charge of the plate appears on the
surface of the medium [24]. The stronger the polarization of the conductive medium, the greater the surface density of bound charges.
Generally, the change in capacitance after being charged with a medium is used to describe the polarization performance of conductive
medium. This phenomenon is set as the bulk capacitance C,, of the conductive medium in this study. In wet soil and fine-textured soil,
the near-water layer or electric double layer structure on the surface of clay particles is affected by the content of clay particles and the
differentiation of soil particles [25]. The dielectric properties of the mixed-phase are quite complex result from the interaction between
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Figure 6. A new equivalent model and circuit for silty soils.
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Figure 7. Theoretical Nyquist EIS spectrum based on the equivalent circuit model as shown in Eq. (3). (the spectrum displayed in this figure is
computer-generated using the following parameters: R=1000 Qecm?, and C,=5E-5 F).

pore water and soil particles [26]. Therefore, the electric double layer capacitance Cg on the surface of the soil particles is also a factor
cannot be ignored. In a matrix with obvious soil-water interaction such as silty soil, the influence from the adsorption of the soil matrix
on the electrochemistry of the medium system is worthy for further study, not be elaborated here.

The near-water path and the far-water path are set as two parallel conductive paths, a new equivalent circuit model of soil con-
ductivity is proposed by combining the two groups of R,, C4 and Ry, Cy, in parallel. Finally, the circuit model shown in Fig. 6 is
transformed through further integration. The total impedance of silty soil is expressed as Egs. (3)-(5)

1 Rs R . oRCs
Z:i+ja)C T 1+ jwRsCs 27 2 ®
Rs s JoRsCs 14 (wRsCs) 1 + (wRsCs)
Cs=Cy + Cy 4
1 RwR
Ry=7— = _wRte (5)
Rw + I Ry + Rp

C,, is the bulk capacitance of the soil sample because of the phenomenon of ion polarization, R, is the resistance of the free water or
the far-water layer, Cy is the electric double layer capacitance produced by the adsorption of cations on the surface of the soil particle,
and R, is the resistance of the near-water layer.

The complex impedance curve of the soil mass transfer process is correspondingly generated in the coordinate system through the
derivation of Eqs (3) ~ (5), and a simple method to evaluate the microstructure of the soil and the electrical parameters R; and C; from
the electrochemical impedance spectroscopy obtained from the experiment is provided. The complex impedance spectrum curve
corresponding to the Ry and C; parallel circuit (RC) in the coordinate system is obtained by using computer software to simulate
(Fig. 7).
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3. Experimental

3.1. EIS test

The electrochemical test was carried out by CS 350 electrochemical workstation with three-electrode system (WE, working elec-
trode, copper bar; RE, reference electrode, calomel electrode; CE, counter electrode, platinum electrode), as shown in Fig. 8. The
experimental condition of EIS was scanning frequency for 100 kHz ~ 0.01 Hz. And the soil temperature was 20°C, 10°C, 5°C, 0°C, -5°C,

-10°C, and -20°C respectively.

3.2. Test sample

The silty soil used in the experiment was taken from Dongshan, Taiyuan City, Shanxi Province, China, as shown in Fig. 9. It can be
seen from particle grading curve in Fig. 10, soil color is brown-yellow. The mass of silty particles accounted for nearly 80%. The

physical parameters of silty soil are shown in Table 1.
This electrochemical experiment is directed at single-phase and mixed-phase medium, including dry silty soil (after drying at 105°C

Table 1
Physical and mechanical properties of silty soil.
Liquid limit (%) Plastic limit (%) Plasticity index Maximum dry density (gocm’3) optimum moisture content (%) Specific gravity pH
25.25 15.61 9.64 1.82 15.3 2.70 7.94
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Figure 11. (a) Nyquist complex plane impedance plot of dry silty soil at different temperatures. (b) Bode plots of dry silty soil at different

temperatures.
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for 8 hours) [27], different concentrations of NaCl electrolyte (mixed with distilled water and NaCl), and silty soil mixed with different
concentrations of NaCl electrolyte.

3.3. Microstructure and material characterization

Before the EIS test, part of the compacted sample was taken to SEM scanning for surface characterization. The microstructure of the
compacted soil samples with 300 times magnification was observed through the Japanese TM 3000 scanning electron microscope.
Moreover, part of the dry soil sample was subjected to XRD diffraction analysis, X-ray diffraction data was completed by Ultima IV
automatic diffractometer, the excitation conditions in the experiment are 40 kV, 40 mA, the diffraction angle 26 varies from 5° to 85° in
the continuous scanning mode, the scanning step angle is 0.01°, and the scanning speed is 2020°/min. The data obtained in the
experiment was analyzed by the software Jade 6.0.

3.4. Equivalent circuit model fitting

Equivalent circuit models of different conductive medium at different temperatures are fitted and analyzed by Zsimdemo software,
to study the changes of different charge conduction paths on these parameters, and to find out the relationship between these pa-
rameters and the state of the conductive medium, temperature, and salt content. These are discussed in the follow-up content.

2.8x10°°
= C, (a)
2.6x10° |
_ 2.396E-9
(18 .
Saowl fomes | s jawees |
' * 2.407E-9
2.303E-9
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2.0x10°° L 1 1 1 N
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z i &
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Figure 12. Fitting parameters at different temperatures. (a) Bulk resistance of dry silty soil Cs. (b) Bulk capacitance of dry silty soil R;.
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4. Experimental results
4.1. The independent discussion for conductivity law of solid phase

Aimed to distinguish the influence of solid phase and liquid phase on the overall electrical properties of the conductive medium,
this study starts with the impedance characteristics of the single-phase system. Firstly, this study focuses on the conductive path of
continuous soil particles (near-water layer), so the electrochemical impedance spectroscopy of dry silty soil is tested. The Nyquist
complex plane impedance plot and the Bode plot of dry silty soil are shown Fig. 11. When the frequency is higher than 1 Hz, the phase
angle stabilizes at approximately 90°, which indicates that the system is an ideal capacitor [28] With the frequency lower than 1 Hz,
the system is restricted by the high impedance properties of the porous structure of silty soil, and the curve appears obvious fluctuation
and randomness [29].

The (RC) circuit was fitted in the test data, ideal fitting curves can be observed from Nyquist diagram (Fig. 11a). The electro-
chemical parameters of equivalent circuit model (RC) of the dry silty soil at different temperatures are shown in Fig. 12. Bulk
capacitance value C; almost stabilizes around 2.35E-9 F as the temperature decreases. According to the statement in 2.1, this part of the
electrical property mainly derives from the electric double layer capacitance on the surface of the soil particles. It can be concluded
that the temperature has little effect on the charge activity distribution constrained by the coulomb force for rotational freedom on the
surface of the soil particles, which is also consistent with the research of Pepin [25]. Although high impedance properties of dry silty
soil results from the complex porous structure, the value of R, remain stable at 5E8 Qecm? with the temperature decrease, which also
confirms that the effect of temperature on the charge conduction of dry soil matrix or near-water layer is little that can be ignored.

Based on the above test results, it is confirmed that the conductive mechanism of continuous soil particles or near-water layer can
be represented by an equivalent circuit (RC). In fact, alternating current can penetrate the almost “insulating” silty matrix through the
charge and discharge effect of electrode plate. In this case, the two electrode end planes in contact with silty matrix act as a parallel
plate capacitor, and the silty matrix is the capacitor’s medium. Strictly speaking, dry silty soil is not a real “insulator”, silicate minerals
in silty soil have limited conductivity and can be regarded as bulk resistance R, [30]. Studies have shown that the long-term effect on
the surface of clay minerals at 105°C mainly changes the bound water between the layers or the surface of the clay minerals and the
part of the ionized hydrated water between the layers, except for the lost free water [31]. Although the soil samples were dried ac-
cording to the experimental standards, there was still a certain amount of strongly and weakly bound water attached to the surface,
which contributes to the “near-water” conductive path.

The XRD test results (Fig. 13) confirms the existence of clay minerals in the soil sample. Because of the surface absorbability of soil
particles, there is always a certain amount of unfrozen liquid water in the soil during the freezing process [32]. This case means that a
small amount of unfrozen liquid water is still attached to the surface of soil particles, and this volume of water is almost equal to the
volume of near-water layer, and plays the important role on the resistance R, of the near-water layer, when the soil sample is in a low
temperature environment. Simultaneously, the hydrated ions and adsorbed water molecules in the near-water layer turn to polarized
under the action of the electric field, the two elements contribute to the bulk capacitance C;. The above analysis and fitting results show
that temperature has little effect on the electrochemical properties of the near-water layer.

4.2. The independent discussion for conductivity law of liquid phase

This study focused on the conductive path of the continuous pore solution (far-water layer) furtherly, and tested the electro-
chemical impedance spectroscopy of the single liquid phase (different concentrations of NaCl electrolyte). The Nyquist complex plane
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Figure 13. XRD spectrum of dry silty soil.
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Table 2
Resistance of NaCl solution at different temperatures.
T (°C) p (Qecm)
0.3% 1.0% 2.0%
20 3.12 1.16 0.81
10 4.68 1.51 0.90
5 5.49 1.74 1.06
0 6.64 2.03 1.17
5 19.01 2.15 1.40
-10 31.70 4.37 1.55
-20 130.27 19.09 8.95

impedance plots of NaCl electrolyte with concentration of 0.3%, 1.0%, 2.0% at different temperatures are shown in Fig. 14. The
characterization of the charge transfer law of the metal interface at different temperature environments on the impedance spectrum
curves includes two capacitive reactance arcs (dissolution and passivation reaction of the electrode interface) in the middle and low
frequency region and a diagonal line close to 45°, indicating that the ion diffusion resistance near the metal interface. Normally, the
NaCl electrolyte exhibits a single intersection with the real axis Z in the high frequency region of the impedance spectrum because of
excellent conductivity. The conductive medium is represented by a solution resistance R; by the Ohm’s law [33]. In fact, the phe-
nomena observed from the experimental results show that the crystalline phase change occurs after the NaCl electrolyte of different
concentration decreased to the freezing temperature (Fig. 14 (d)), the conductive property of the medium affected by the temperature
gradually evolves from conductors to semiconductors to insulators. Macroscopically, the conductive medium’s ability to constrain
charges becomes stronger [34], which occurs polarization phenomenon and gradually turns to an accumulation of charges at both ends
of the electrode plate. The high-frequency region of the impedance curve gradually extends from the point intersects with the real axis
Z to a semi-circular arc formed by (RC).

The changes of bulk resistance R; and bulk capacitance C; of NaCl electrolyte are obtained after fitting in Fig. 15. Without
considering the electrode interface reaction, temperature and salt content are two main factors that affect the conduction mechanism
of NaCl electrolyte. Although the increase of NaCl content weakens the constraint of the medium to the charge, causing the high-
frequency region circuit to change from (RC) to R. Once the solution reaches the freezing temperature, the crystalline phase
change of the medium will greatly increase the resistance of the medium. But the resistance value of NaCl electrolyte is much smaller
than that of pure water, Na™ and Cl~ do not enter the crystal lattice after the solution is crystallized, and still exist in the gaps of the
crystals [35], and better conductivity than pure water. At the same time, anions and cations are adsorbed on the surface of their
respective electrode plates to form electric double layer capacitors, contributing to a higher dielectric constant (¢=C;/Cy, Cy is the
capacitance of the empty measuring bulk) [36]. R represents the bulk resistance of the NaCl solution, which is still equivalent to the
far-water path in the soil on the principle of conduction. C; represents the bulk capacitance of the NaCl solution, the content of Na™* is
higher, the capacitance of the electric double layer adsorbed on the electrode plate is greater, the decrease in temperature inhibits the
oriented movement of hydrated ions and polar water molecules, which also correspond the rule of Fig. 15.

The resistance R; is proportional to the length of the conductive path and inversely proportional to the cross-sectional area of the
current.
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Figure 16. Nyquist complex plane impedance plots of silty soil with NaCl electrolyte. (a) 0% NacCl. (b) 0.3% NacCl. (c) 1.0% NaCl. (d) 2.0% NacCl. (e)

The cooling curve of silty soil with NaCl electrolyte.

R, =pl/A ©)

Where p is the specific resistance of NaCl solution, the length I is 3 cm, the cross-sectional area A is 1 cm? The value of p is got by
substituting [ and A into Eq. (6). The liquid resistivity p and the liquid concentration ¢ can be expressed as p=K/c (K is the constant
when the liquid temperature is constant). Therefore, it can be assumed that the resistivity of the NaCl electrolyte at the same tem-
perature is equal to the resistivity of the far-water path according to the ratio shown in Table 2.

4.3. The integrated discussion for conductivity law of solid-liquid phase

After analyzing the charge transfer laws of two single-phase medium, the electrical properties of the near-water layer conduction
path and the far-water layer conduction path. The Nyquist complex plane impedance plots of silty soil (solid-liquid phase) with NacCl
electrolyte at different temperatures are presented in Fig. 16. Different from the single-phase medium, although the soil contains a high
salt content pore solution with excellent conductivity, the electrode interface reaction can occur smoothly, that is, the whole can be
expressed as R under certain conditions. In fact, compared with the same concentration of NaCl solution, electrochemical impedance
spectroscopy of silty soil containing different concentrations of NaCl solution still shows (RC) arcs with different radius in the high
frequency region. Because silty soil contains a considerable amount of clay minerals, according to the electrical model established in
this section 2.1, it is reasonable to believe that the C; value includes the electric double layer capacitance Cyg.
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Figure 17. Schematic diagram of parameters obtained from fitting the impedance spectra of silty soil with NaCl electrolyte at different temper-
atures. (a) Bulk resistance of silty soil Rs. (b) Bulk capacitance of silty soil Cs.

Fig. 16 shows that the mass transfer process in the high frequency region and the interface reactions of metal in the middle and low
frequency region at different temperatures include dissolution and passivation reactions and the diffusion of ions near the metal
interface. Further, the fitting results for the value R, and value C; of the soil system in Fig. 17. Obviously, as the temperature decreases,
the free water crystalline phase change and increases viscosity restrains the conductivity path so that the R; value rises. Therein, the
bulk resistance of silty soil Ry < the bulk resistance of NaCl electrolyte R;, which also conforms to the Eq. (5), which also verifies the
rationality of the equivalent circuit model. The capacitance of the two systems in the same temperature environment: the bulk
capacitance of silty soil C; < the bulk capacitance of NaCl electrolyte C;. Normally, the dielectric constant of a solid-liquid system is
mainly controlled by the dielectric constant of the pore fluid [37], the fluid capacity of a solid-liquid system is lower compared with the
same volume of a single-phase fluid medium, so the bound charge density on the surface of the medium is also lower than that of a
single-phase fluid medium, resulting in the capacitance value C; is somewhat lower than that of a pure solution, the decrease in
temperature also inhibits the molecular of displacement polarization and turning polarization in the medium. In the future, it is worthy
of further study for the polarization phenomenon of composite medium, especially the change law and quantitative mechanism of the
bound water of soil particles (electric double layer structure) affected by temperature with the help of electrochemical impedance
spectroscopy.
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Table 3
Several parameters involved in the Eq. (7).
5 k (J/K) T X) ¢ (num/cm®) v e (Q)
80 1.38x107% 293.15, 283.15, 278.15, 273.15, 268.15, 263.15, 253.15 1.93x10%, 6.44x10%, 1.29%10% 1 1.6x1071°
Table 4
Water content of near-water layer in different temperature environment.
T (°C) V, (em®/g)
0.3% 1.0% 2.0%
20 0.008 0.002 0.001
10 0.008 0.002 0.001
0.008 0.002 0.001
0 0.007 0.002 0.001
- 0.007 0.002 0.001
-10 0.007 0.002 0.001
-20 0.007 0.002 0.001
average value 0.007 0.002 0.001

5. Discussion
5.1. Identification of model parameters

Silty soil containing different concentrations of NaCl solution becomes ice-containing soil when the temperature is lower than 0°C.
After the soil is partially or completely frozen, not all liquid water can be transformed into solid ice. A certain amount of liquid water
(unfrozen water) is always maintained in the soil because of the action of capillary and particle surface energy. After the soil is frozen,
except for a small amount of unfrozen free water, the main volume results from the near-water layer adsorbed on the surface of the clay
particles, namely, the diffusing electric double layer cation solution [38]. The volume of clay water (near-water layer) per unit volume
of silty soil is equal to the product of the thickness of unit volume near-water layer and the surface area of clay particles per unit volume
[39]. In the research process of diffusing electric double layer, Bolt [40] proposed a formula for calculating the thickness of the electric
double layer l; according to the characteristics of the electric double layer in the soil,

1 ekT

ly=— =] 7
17K 8rcvie? @

where ¢ is the dielectric constant of the water, k is the Boltzmann constant, T is the Kelvin absolute temperature, c is the concentration
of the bulk solution, v is the valence of the cation, e is the basic charge unit. The value of each parameter is shown in Table 3.

In practical applications, most soil measured data do not include specific surface area, but the measurement of soil grain size
distribution is very common, the calculation methods of soil specific surface are mostly based on soil grain size distribution or average
grain size, and combined with other mathematical methods. The calculation of A; in this paper is based on the Sun Meiling [41] method
to calculate the specific surface area of silty soil. First, the distribution information of soil grain size is substituted into Eq. (9) and Eq.
(8) to obtain its average grain size d,. Furthermore, the average grain size d, is substituted into Eq. (10), the specific surface area of the
silty soil Ay is obtained based on the exponential function. This calculation result is an approximate value.

d,=expa ®
a=0.01(PIn 0.001 + P,In 0.026 + P;1In 1.025) 9
A, =1.07d," (10)

Py, P,, P; are the mass percentages of clay particles, silty particles, and sandy particles respectively in Eq. (9). As shown in Fig. 10,
P;=1.8%,P,=78.9%,P3=19.3%, so A;=15.95 mz/g. Inserting the proportion of clay of the silty soil into Eq. (10) gives the surface area
of the clay particles in 1 g of soil as [39]

S.=P3 x A, = 3.07m?/g (11)
Therefore, the volume of the near-water layer V, in 1 g of silty soil is acquired
V, =1, xS, (12)

According to Eq. (7) ~ (12), the change law of the volume of the near-water layer in the silty soil containing different salinity with
temperatures is calculated. As shown in Table 4, when the temperature is between -20°C and 20°C, the volume change of the near-
water layer does not exceed 2%, and the thickness of the near-water layer is not greatly affected by the temperature [42]. So, the
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Table 5
Segmentation formula involved Eq. (19).

03%  20°C R, =9F°/(07%2 4 0631)
<0°C R, = 9F2/(V 0034 0034)

1.0% >0°C R, :9F2/(°777 +001)p
<0°C Ry — 9F2/(V 0.01 001)
5.2

P
20%  >.5o¢ R, = 9F?/ 0782 + 0005)
<-5°C R, = 9F2/(V 0005 + 0205)

V=[x 1 ecmx2apy x 0. 16/1 gecm 3=0.787 em® V,_93=0.007 cm>/gx4.92 §=0.034 cm® V,_; ¢=0.002 cm>/gx4.92 §=0.010 cm® V,_»¢=0.001 cm?/
gx4.92 g=0.005 cm®

volume of the near-water layer is approximately set to a constant value (average value).

As mentioned in 2.1, according to the conduction mechanism of the dual-water model, the conductive part of the pore solution in
the silty soil is divided into the water inside the electric double layer and the water outside the electric double layer. The structure of
water in the soil is shown in Fig. 18. Soil minerals, including the mineral part of clay particles, are non-conductive, and air is not
conductive. Only the liquid phase can make the current pass through the soil. The two current paths are assumed to have the same
parallel length in the soil [43]. Therefore, the volume of silty soil with length [; and cross-sectional area A is designed according to the
experimental device. A is divided into each component phase. In the model (Fig. 18), the cross-sectional areas of the soil solid, the
volume of the far-water layer, the volume of the near-water layer, the volume of ice and the air are A, Ay, Ay, Ar, A, respectively. Ry,
Ry, and R, are the resistance of the silty soil system, the far-water layer, and the near-water layer, respectively.

For the overall system of silty soil

R,=p,l;/A 13)

Where p, the specific resistivity of the silty soil system. Similarly, the resistance of the far-water layer and the near-water layer is
expressed as

Ry =p,L/A a4

R, =p,l/A, as)

Where p,, and p, are the specific resistivity of the far-water layer and the near-water layer respectively. In Eq. (14) and Eq. (15), I, is

the length of the tortuous path of the current passing through the far-water layer and the near-water layer. Two conductive paths are
parallel,

1/R,=1/R, +1/R, (16)
Substituting the values of R, R,, and R, from Eq. (14) ~ (16) into Eq. (17),
1/Rx :A/p.sls = AW//)w[w + AP/ID/)IW 17

Fig. 18 shows that the volume of the near-water layer is V, =A, x l,, the volume of the far-water layer is V,, = A,, x l,,andA =1

cmZ, so the formula can be further transformed into Eq. (18)

v,
12+

(18)
puls Pl

Where the ratio 1,/l; = F is the tortuosity of the pores of the conductive path in the silty soil, [, represents the tortuous path, and
always longer than the experimental length of the soil sample. The F value depends on the soil water content and tissue structure, [, = 3
cm, so l,/3 = F. The volume of the far-water layer V,, is the difference between the total liquid water volume V and the volume of the
near-water layer V, (V,, = V-V}).

V-V, V,
R=1/Y Y _opy(Y =Y Vo (19)
9/7 Fz 9p F? Pe P

After the phase change of the pore solution, the total volume V of the pore solution decreases as the temperature falls, and the
freezing temperature of the pore solution falls as the salt content increases [44]. The pore solution in the soil at positive temperature
cannot freeze, V is a steady-state value. As shown in Fig. 16, the freezing temperature of 0.3% and 1.0% of salinity is 0 ~ -5°C, and the
freezing temperature of 2.0% is -5 ~ -10°C, so R, can be divided into two formulas by freezing temperature. The resistance R, ex-
pressions of the silty soil system are listed in Table 5 before and after the freezing temperature. The specific resistivity value p,, of the
far-water layer path is approximately equivalent to the same concentration of NaCl electrolyte (Table 2).

The specific resistivity value Pp in Table 5 is based on the derivation of Clavier [20] as Eq. (20)

pp=gr =52 (20)
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Table 6

Specific resistivity p, of near-water layer of silty soil at different temperatures.
T (°C) Pp (Qecm)

0.3% 1.0% 2.0%

20 0.18 0.15 0.13
10 0.18 0.15 0.13
5 0.18 0.15 0.14
0 0.18 0.15 0.14
-5 0.21 0.15 0.14
-10 0.23 0.15 0.14
-20 0.27 0.17 0.14

Where Vg is the volume of clay water in the counter ion Vo = 0.3 ;2225 ], Tis the temperature, °C, a is the expansion factor of the

diffusion layer a = (% + O.22> VLQ, salw is the degree of mineralization of NaCl solution, meq/cm?, f is the equivalent conductivity
w2

sab
of the compensation ion (Na*) in the near-water layer # = 2.05(1.0 — 0.4e~2%). The calculation results of the specific resistivity of the
near-water layer are shown in the Table 6.
Tortuosity F can be given by the Eq. (21) [45]

F=140.41In (1/n) (21)

Where n is the porosity of the frozen soil, the porosity refers to the ratio of the volume of unfrozen water flowing in the soil to the
volume of soil particles [46]. The difference between the near-water layer and the far-water layer is that it is distributed on the surface
of the clay particles by strong adsorption. Its physical and chemical properties are different from those of the bulk solution in the pores,
and basically have no fluidity. The volume of soil particles V; = 1 cmx3 cm?x1.64 gecm ™ >/2.70=1.82 cm>. Therefore, when the silty
soil reaches the freezing temperature, the unfrozen water flowing in the soil designed in this study mainly derives from the volume of
the far-water layer. So, tortuosity F is expressed as Eq. (22)

F=1+041ln (1/‘/1;;/”) (22)

Substituting the above F value expression and p, value into Table 6, the change of unfrozen water content in the silty soil during the
freezing process can be calculated. The calculation result is shown in Fig. 19, the decrease of freezing temperature results from the
increase of salinity of the pore solution. Simultaneously, the higher the Na™ content of the bulk solution, the more cations adsorbed on
the surface of the clay particles, the thinner the electric double layer, that is, the lower the volume content of the near-water layer, the
higher the volume content of the far-water layer at the same temperature environment.

By fitting the relationship between the R, value and the volumetric water content of unfrozen water, the mathematical relationship
can be described by Eq. (23)

V=a—bc® (23)

The expression shows that the electrical resistance of silty soil is inversely proportional to the unfrozen water content, and the
unfrozen water content is related to temperature. This relationship is consistent with the experimental results, which verify the
relationship between the unfrozen water content and the resistivity in the proposed frozen soil resistance model reasonably, the
parameters inside need further study.

As shown in Fig. 20, the above changes can be explained that the water in the outer layer of the soil is uniform and the current is
stable before the soil is frozen, so the total resistance value of the soil R; is relatively stable. After freezing occurs, the unfrozen water
content of the outer layer of the soil first decreases, and the ice crystals produced by freezing will hinder the channel for the directional
movement of conductive ions, and the total resistance of the soil will increase slightly. The continuous decrease in the water content of
the outer soil in the middle period of freezing causes the change of soil water potential, and the difference of soil water potential
provides the driving force for water migration in the freezing state. The suction force near the freezing front in the outer layer of soil
increases, prompting the moisture in the inner layer of the soil to quickly migrate to the outer layer. The unfrozen water that migrated
to the outer layer continued to freeze, and the content of unfrozen water inside the soil continued to decrease, causing a significant
increase in the electrical resistance of the soil sample. In the post stage of freezing, the unfrozen water in the soil has basically frozen,
and the remaining water in the soil is mainly contributed by the near-water layer, the free water in the capillary and the water in the
closed cavity. The current path is blocked by ice crystals, so the resistance values increase sharply.

5.2. Improved applicability of electrochemical spectroscopic impedance system

The soil is influenced by the environment such as temperature, humidity, salinity, and so on that the electrical double layer
structure on the surface of the soil particles and pore fluid occurs physical or chemical changes. According to the above research, an
electrochemical mass transfer model of silty soil is established based on the dual-water model proposed by Clavier, and the factors
affecting various electrical parameters in the equivalent circuit model are discussed through theoretical analysis and experiments.
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Figure 19. Scheme of changes in the content of several elements in silty soil at different temperatures. (a) 0.3% NaCl mixed with silty soil, (b) 1.0%
NaCl mixed with silty soil, (c) 2.0% NaCl mixed with silty soil.
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Figure 20. Scheme of unfrozen water and resistance R, changes in silty soil freezing process.

Electrochemical impedance spectroscopy can be applied to test various information about soil in complex environment. In addition,
electrochemical impedance spectroscopy has the advantages of no damage to the test object, less time and workload. Fig. 21 shows the
concept of field applicability of the electrochemical impedance spectroscopy system for testing soil electrical parameters and moisture
distribution. At the field, in order to reduce the amount of labor, the working electrode, the reference electrode and the auxiliary
electrode are combined as an integrated electrode, meantime, a soil salinity sensor and moisture sensor are integrated inside. Then the
electrode is inserted into the soil, and the test is started after the electrode surface is stable-state. The impedance spectrum curve
obtained by the test is fitted to the curve of the high-frequency region with the built-in computer program to obtain the R; value. At the
same time, by extracting the model expression of different soil samples accumulated in previous laboratory experiments, the corre-
sponding distribution law of soil water with temperature changes can be generated by computer.

Therefore, the equivalent circuit model and test method proposed in this study can be used to study the water distribution and
charge transfer laws of soil. However, the actual experiment results show that the high frequency region of the complex impedance
curve is not completely relying on electrochemical workstations (maximum frequency is 10° Hz) currently on the market. The higher
the content of cations in the soil, the greater the number of charges adsorbed on the surface of the soil particles and electrode plates, the

Electrical
Electrocnemical | Bluetooth. Data analysis | parameters/
Workstation Water
—— distribution
Ground surface

- /L
Soil /7~

Figure 21. Concept of field applicability of electrochemical impedance spectroscopy system for testing soil information.

Table 7
The characteristic frequency value * of each conductive medium.
T (°C) w* (Hz)
0.3% 1.0% 2.0%
20 4.3x10° 8.3x10°
10 4.6x10° 6.9x10°
5 4.1x10° 6.5x10° -
0 3.4x10° 6.1x10° 7.6x10°
-5 1.2x10° 4.8x10° 7.5x10°
-10 5.5x10° 2.0x10° 5.2x10°
-20 1.9x10° 7.1x10° 3.1x10°
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stronger the capacity of the matrix to hold charges, and the system can respond to higher frequency alternating currents confirmed by
the characteristic frequency »* (>10° Hz) corresponding to each medium shown in Table 7.

The fitting data is simulated by Zsimdemo with the example of 1.0% NacCl silty soil (Fig. 22). The ideal curve of (RC) circuit result
can only be satisfied when initial frequency in the high frequency region is 107 ~ 108 Hz. The current test frequency is 10° Hz, which
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Figure 22. Schematic diagram of measured and simulated complex impedance curves of silty soil mixed with 1.0% NacCl. (a) 20°C, (b) 10°C, (c)
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results in errors in the subsequent fitting accuracy. If the mass transfer process of soil or other substrates is studied in detail, higher
frequency testing equipment must be used to ensure that a complete high-frequency arc appears in the complex impedance curve and
improves fitting accuracy.

Detection of underground soil is a technical problem faced by engineering construction. In this study, the theoretical and applied
study about charge transfer mechanism and electrochemical characteristics of silty soil was conducted by EIS, contributing to deepen
the electrochemical theory of soil microstructure, guiding the geological survey, site construction and other engineering applications
further. It is significant to promote regional economic development and economic transformation.

6. Conclusion

Based on the unsaturated soil theory and the dual-water conductivity model, this study establishes an equivalent circuit model of
silty soil, and discusses the factors affecting the electrical parameters of conductive medium through theoretical analysis and related
experiments. According to the fitting results, the model expression of resistance of frozen soil and the volume of unfrozen water is
established. The main conclusions are as follows:

(1) This model considers the influence of absorption from clay particles in the soil sample, effectively reflecting the electrical
characteristics of silty soil. The adaptability of the circuit is closely related to the physical indexes of silty soil. The experimental results
and the model results in a wide frequency range fit better.

(2) The mass transfer process of the conductive medium (single-phase, mixed-phase) corresponds to the first semicircular arc in the
high frequency region of the impedance spectrum so that is described as a parallel (RC) circuit. The decrease of temperature effectively
affects the ion transfer rate of the conductive medium, and the resistance of the soil increases with the decrease of temperature. The
influence of temperature on soil resistance decreases with the increase of salinity.

(3) The decrease in temperature limits the orientation movement (polarization) of the molecules in the conductive medium. The
capacitance value of conductive medium (containing electrolyte) decreases with the decrease of temperature, and the opposite is true
for pure water medium.

(4) Based on the fitting results, the mathematical relationship between the unfrozen water content V in frozen soil and the bulk
resistance R; is proposed through further derivation. This relationship is consistent with the experimental results, which reasonably
verifies the relationship between the unfrozen water content and electrical resistance in the mathematical model.

(5) After improving the test conditions, this method can be used to evaluate the underground structure of rock or soil, such as pore
structure and unfrozen water distribution.
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