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The measurement technique of electrochemical impedance spectroscopy (EIS) was applied to study the 

compaction characteristics of loessial silt. A series of compaction curves (single-peak curves) were 

obtained under different compaction energies. It was found that when the compaction energy (E) is 

2013.7 kJ/m3, the optimal water content (wopt) is 14.3%, and the maximum dry density (ρdmax) is 1.90 

g/cm3; when E is 2684.9 kJ/m3, wopt and ρdmax is 13.6% and 1.95 g/cm3, respectively. From an 

electrochemical test of compacted soil samples with E = 2013.7 kJ/m3 and five different water contents, 

the following results were obtained: the electrochemical characteristics of compacted soil are closely 

related to the water content. The electrochemical impedance spectroscopy can be effectively measured 

only when the water content of the soil samples exceeds than the optimal water content (> wopt - 2%). 

The solution resistance is directly related to the water content, but not to the density of the soil sample. 

The capacitance and resistance of the inner porous layer close to the electrode are the largest at the 

optimal water content, which is related to the density and continuity of the solid particles. The charge 

transfer resistance decreases with the increasing water content and eventually becomes stable. Therefore, 

the compactness of loess-filled soil can be quickly and effectively reflected using the EIS. 
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1. INTRODUCTION 

With the continuous development of infrastructure in central and western China, construction 

land is increasingly scarce. To solve this problem, filling engineering is used to expand the construction 

land in many places. Due to regional and economic limitations, local materials are often used for filling. 

The loess widely distributed in central and western of China is often used as the preferred filler for 

roadbeds, foundations and other construction sites [1]. Loess is a typical special soil with complex 

engineering properties, and engineering diseases emerge in an endless succession, which is especially 
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for loessial silt [2, 3]. Due to the insufficient compaction of loess-like silt, subgrade subsidence occurred 

in many places of the yellow flood plain section of the Beijing-Kowloon railway [4]. In filling 

engineering, the soil needs to be reshaped and compacted to change its original structure and physical 

and mechanical characteristics [5, 6]. To ensure the strength and stability of the backfill, the factor of 

compaction is often used as the index of controlling quality, which is defined as the ratio of dry density 

ρd after compaction of field packing to the maximum dry density ρdmax of a laboratory compaction test 

[7]. Compaction and vibration are usually used to reinforce the soil in the field. In the laboratory, a 

compaction curve is obtained by the compaction test. 

The deviation of field test is large, and the compaction quality of soil cannot be characterized 

from the microscopic mechanism and pore structure. Electrochemical impedance spectroscopy (EIS), as 

a non-destructive testing method, is widely used in study of electrode process, electrical double layer, 

solid electrolytes and other mechanisms [8, 9]. Soil is a heterogeneous medium, including solid particles, 

air and water, which can form an electrochemical system. An increasing number of scholars have 

extended electrochemical testing technology to geotechnical engineering. However, research on the 

basic law of the electrochemical characteristics of loessial silt remains in the preliminary stage [10-13]. 

Yan [14] studied the changes in physical mechanics and electrochemical properties of silty soils with 

different pH values. Han et al. [15] studied the mechanical properties of acidic and alkaline silt using 

electrochemical impedance spectroscopy. The interaction of clay and pore water in loessial silt results 

in the formation of an electrical double layer. The changes in the thickness of the electrical double layer 

will affect the intergranular stress the electrochemical behavior of the soil [16]. EIS is an electrochemical 

technique that studies a system under the action of an alternating current by the equivalent circuit, which 

can comprehensively reflect the conductive path and interface characteristics of the system, especially 

the structure of electrical double layer [17, 18]. Therefore, it is feasible to quickly reflect the compaction 

quality and compaction mechanism of silt by means of EIS testing. 

To further study the electrochemical behavior of compacted loessial silt, typical loess soil in 

Shanxi province was selected for a laboratory compaction test. The electrochemical test of compacted 

soil samples with different water contents was performed to reveal the compaction mechanism of soil 

from an electrochemical perspective. 

 

 

 

2. EXPERIMENTAL PROCEDURE 

2.1 Experimental materials and pretreatment 

The soil in the test was taken from a filling area in Shanxi province of China, where loess is 

widely distributed. The basic physical properties of soil samples were determined in accordance with 

the “Standard for Soil Test Methods” (GB/T50123-2019) [19], and the results are listed in table 1. The 

plasticity index (Ip) of the soil is less than or equal to 10, and its particle content with particle size greater 

than 0.075 mm is 14.7% < 50%, so it is named silt according to the “Code for Design of Building 

Foundation” [20]. The specific gravity of the soil particles (ds) is 2.70. The liquid limit (WL) and the 

plastic limit (WP) is 25.5% and 16.6%, respectively. 



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

  

6229 

Table 1. The basic physical properties of testing soil 

 

Grain size (mm)/% 
ds WL/% WP/% IP 

0.25~0.075 0.075~0.05 0.05~0.005 <0.005 

1.8 37.4 52.6 8.2 2.70 25.5 16.6 8.9 

 

2.2. Experimental method 

2.2.1 Compaction test 

A heavy compaction test with a JDS-3 portable compactor is used in this paper. The compaction 

energy (E) is E1 = 2013.7 kJ/m3 and E2 = 2684.9 kJ/m3. The water used for the test is ordinary tap water. 

Five groups of compaction samples with different water contents (w) under the given compaction energy 

was tested. The water content values were prepared according to the plastic limit (WP) of soil samples 

under each compaction energy. The dry soil was thoroughly mixed with water and allowed to sit for 24 

hours. According to the steps specified in the “Standard for Soil Test Methods” (GB/T50123-2019) [19]. 

The compaction curves of soil under different compaction energies were measured. 

In the test, the compaction energy (E) and the number of soil layers (n) were given. According 

to the volume (V) of the solid cylinder, the hammer gravity (G), and the drop distance (d) of the hammer, 

the number of hits (N) required for each layer of soil can be calculated based on Formula (1), and rounded 

the calculation results. The required compaction parameters listed in Table 2. 

                                           N = EV / Gdn                                          (1) 

 

Table 2 The compaction parameter under different compaction energy  

E (kJ/m3) G (kN×10-3) d (m) V (m3) n N 

2013.7 86.06 0.45 0.5385×10-3 4 7 

2684.9 114.75 0.45 0.5385×10-3 4 7 

 

 

2.2.2 Electrochemical impedance spectroscopy 

A CS350 electrochemical workstation was used for the test, with a sinusoidal AC excitation 

signal amplitude of 5 mV and a scanning frequency range of 10-2-105 Hz. The electrochemical behavior 

of five groups of compaction samples with different water contents under the given compaction energy 

was tested. The size of the sample to be tested is 61.8 mm in diameter and 20 mm in height. The EIS 

tests are performed under the two-electrode system, with working electrode (WE, the copper sheet of 

100 mm×100 mm×1 mm), counter electrode (CE, the copper sheet of 100 mm×100 mm×1 mm). And 

the glass sheet affixed with copper sheet, with size of 100 mm×100 mm×2 mm, as shown in figure 1. 

The Nyquist diagram, the Bode diagram and compaction parameters of the soil were analyzed. 
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Figure 1. Experimental setup diagram 

 

 

 

3. RESULTS AND DISCUSSION  

3.1 Compaction curves of loessial silt 
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Figure 2. Compaction curves of different compaction energies: (a) E1 = 2013.7 kJ/m3, (b) E2 = 2684.9 

kJ/m3 
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According to different compaction energies and the corresponding compaction steps, compaction 

curves under two types of compaction energies (E1, E2) were obtained. The corresponding optimal water 

content (wopt) and maximum dry density (ρdmax) were determined. The compaction curves are shown in 

Figure 2. 

Figure 2 shows that the compaction curve presents a single-peak curve regardless of the 

compaction energy. The dry density (ρd) of the soil samples first increases and subsequently decreases 

with increasing water content (w). The peak value is the maximum laboratory dry density (ρdmax) under 

the corresponding compaction energy, and the corresponding water content is the optimal water content 

(wopt) under the given compaction energy. And it agrees with the general characteristics of fine-grained 

soil compaction [21]. When the water content is low, there is a large friction resistance between particles, 

and the soil is not easy to be compacted. As the water content increases, water on the particles surface 

begins to play a lubricating role, reducing the resistance between grains, the soil becomes compacted 

easily. And the dry density of the soil increases. When water contents exceeding the optimum level (> 

wopt), the air in soil is sealed and cannot dissipate during compacting. When the impact force is applied 

to the soil, most of the force is borne by pore water and pore gas, so the dry density of the soil decreases. 

According to Figure 1, when E1 = 2013.7 kJ/m3, wopt = 14.3%, and ρdmax = 1.90 g/cm3; when E2 

= 2684.9 kJ/m3, wopt = 13.6%, and ρdmax = 1.95 g/cm3. This may be related to the water distribution in 

loess and the electrical double layer around the grains [22, 23]. The electrical double layer will change 

the action of interparticle forces. 

 

3.2 EIS analysis of the compacted loessial silt with different water contents 

3.2.1 Nyquist diagram and Bode diagram 

Based on the above compaction test results in this paper, regardless of the compaction energy, 

the variation law of the dry density with the water content in the compaction curve is a single-peak curve. 

Therefore, a soil sample with different water contents on the compaction curve can be selected for 

electrochemical analysis. The electrochemical behavior of soil samples with different water content, 

under certain compaction energy, was determined and analyzed. The compaction energy E1 = 2013.7 

kJ/m3 was selected for analysis. Five samples of compacted loessial silt with different water contents, S1 

(w = 8.7%), S2 (w = 11.2%), S3 (w = 13.4%), S4 (w = 14.7%) and S5 (w = 16.6%), were tested by 

electrochemical impedance spectroscopy. The Nyquist diagram and Bode diagram are shown in Figure 

2 and Figure 3, respectively. The surface of sample S1 could not effectively contact the test electrode 

due to too little water content, which resulted in the Nyquist diagram of soil could not present capacitive 

loop. Therefore, only Bode diagram was compared and analyzed in this paper. 

The Nyquist diagram (Figure 3) show that the EIS of each compacted loessial silt at different 

water contents consists of a capacitive loop and a 45° oblique line. The capacitive loop is not obvious in 

the high-frequency region, which may be related to the electrical double layer structure around the clay 

in the soil [24, 25]. Compacted loessial silt is an unsaturated soil with three phases: solid, liquid and air, 

which provides sufficient oxygen environment for the cathode reaction of electrochemical process and 

increases the tendency of local corrosion [26]. When the water content is low, there is less free water in 
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the pores, the conductive paths in the soil are mainly a few continuous liquid phase paths, and the overall 

impedance of soil is higher. When the water content increases, the free water among soil particles 

increases. In addition to the continuous liquid phase paths, the electrical double layer around the clay 

also forms part of the conductive path. Therefore, the overall impedance of the soil decreases. When the 

water content reaches saturation, the compacted loessial silt as a whole is in the solid and liquid state. 

The Bode diagram also show that the modulus of compacted loessial silt significantly decreases with 

increasing water content (Figure 4). 
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Figure 3. Nyquist diagram of compacted loessial silt with different water contents: S2 (w = 11.2%), S3 

(w = 13.4%), S4 (w = 14.7%) and S5 (w = 16.6%) 
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Figure 4. Bode diagram of compacted loessial silt with different water contents: S1 (w = 8.7%), S2 (w 

= 11.2%), S3 (w = 13.4%), S4 (w = 14.7%) and S5 (w = 16.6%) 

 

3.2.2 Electrochemical impedance analysis of compacted loessial silt  

The equivalent circuit R (C (R (Q (RW))) can be used as the basic equivalent circuit of compacted 

loessial silt (Figure 5). The Re is the solution resistance, (RctW) Qdl is the capacitance of electrical double 

layer and Faradaic resistance formed at the interface of the electrode and pore water, (CsRs) is the 

capacitance and resistance of the inner porous layer close to the electrode, and the capacitance formed 

by soil adsorption is represented by Cs in compacted loessial silt [27]. 
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Figure 5. Compacted loessial silt equivalent circuit model 

 

 

The EIS results of compacted loessial silt with different water contents were fitted. The fitting 

software is ZSimDemo3.30, and the fitting results are shown in Table 3. 

 

 

Table 3. EIS fitting results with different water contents 

 

No. Re Rct Qdl Cs Rs W 

 (Ω·cm2) (Ω·cm2) Yo(S·s-n·cm-2) n (F·cm-2) (Ω·cm2) (S·sˆ0.5·cm-2) 

S2 159.25 86.05 1.7E-4 0.21 3.4E-9 186.3 1.2E-5 

S3 77.86 61.2 1.6E-4 0.42 6.7E-9 1526 1.5E-3 

S4 50.311 25.96 1.8E-4 0.55 4.2E-8 3739 9.6E-4 

S5 22.95 20.79 1.4E-3 0.43 6.2E-9 192.8 8.4E-4 

 

 

The results show that the Re decreases with increasing water content. The charge transfer 

resistance Rct decreases with increasing water content. When the water content is close to the optimal 

water content. The values of n are all below 0.6, indicating that the electrical double layer at the electrode 

interface deviate from the ideal capacitance to some extent. With a decrease in the water content (when 

w < wopt), the deviation degree of interfacial capacitance from the ideal capacitance significantly 

increases. When w > wopt, with an increase in the water content, the same law remains, which is related 

to the pore fluid state at the electrode interface. The change of Cs with the increasing water content 

increases first and then decreases, and the order of magnitude is basically E-9 ~ E-8, the numerical order 

of the diffusion element W is E-5 ~ E-3. The Rs first increases and subsequently decreases with 

increasing water content, which may be due to different compact levels of soil particles under different 

water content conditions. The continuity of particles causes the changes in Rs. 

The two-electrode system consists of one loop, consisting of the working electrode (WE) and 

counter electrode (CE) for transporting electrons. In soil, the current flows through an overall cross-

sectional area that is linked to the saturation level [28]. The conductive path in soil mainly includes the 

following [29]: 1. a solid-liquid alternating interface formed by discontinuous solid-phase sand particles 

and pore fluid; 2. a solid-liquid alternating interface formed by continuous solid-phase sand particles and 

liquid bridge; and 3. a continuous liquid phase between sand particles. All three conductive paths are 

closely related to the pore water in the soil. 
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3.3 Correlation analysis between the EIS fitting results and compaction curves 

There is a certain correlation between the EIS characteristics of the soil and the compaction 

curves, both of which are closely related to the water content.  

The Rs also first increases and subsequently decreases with the increase in water content, as 

shown in Figure 6. When the water content is 14.7% (approximately the wopt), Rs reaches the maximum 

value. A higher dry density ρd corresponds to a more compacted loessial silt. The variation law of Rs 

with the water content is similar to that of ρd with the water content. The results show that the Rs is 

closely related to the density of the soil.  
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Figure 6. ρd, Rs relation curve with the water content 

 

 

 
Figure 7. Interface structure of the compacted loessial silt electrode 

 

When the soil density increases, the more continuous solid particles correspond to greater 

resistance of the solid particles as a whole. When the soil dry density reaches the peak value, with 

increasing water content, free water among the soil particles increases. Too much free water breaks the 

continuity between particles. Moreover, when the compaction impact force is generated, this water will 

form excessive pore water pressure, and the particles are not easily compacted. The overall resistance 
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formed by continuous solids decreases. And the Cs is closely related to the density of the soil too, with 

the increase of water content, it increases first and then decreases.  

Figure 7 shows the interface structure of the compacted loessial silt electrode, which mainly 

includes the electrical double layer at the electrode-solution interface and the water film at the particle-

solution interface [30, 31]. At the interface of metal electrode and pore water, electrical double layer can 

be divided into Helmholtz layer and Gouy layer [31]. 

Table 3 show that the Rct continuously decreases with increasing water content. However, when 

w ≥ wopt, the reduction range significantly decreases. The charge transfer is closely related to the pore 

water content. In addition, silt is a fine-grained soil, whose cohesion and adhesion affect the difficulty 

of the charge transfer [32, 33]. Under the same compaction energy, when the water content is low (w < 

wopt), the electrical double layer on the surface of the soil particles (Figure 7) is thin and has a strong 

ability to absorb charge. The whole charge of compacted loessial silt is not easy to transfer, Rct is larger, 

and the soil is not easy to compaction. As the water content increases, water begins to play a lubricating 

role in the pores. The electrical double layer on the surface of soil particles is thickened, and the 

intergranular resistance is reduced. Therefore, the soil is easy to compact, but it will still affect the charge 

transfer, and the impact degree is reduced. When the water content continues to increase (w > wopt), the 

intergranular pores may be expanded by water, the intergranular resistance continues to decrease, and 

the surface of the soil particles is less able to absorb charge, so the charge can be freely transferred in 

the pore water. Therefore, as the water content continues to increase, the difficulty of charge transfer 

decreases, so the Rct decreases. When the water content is much higher than the optimal water content, 

Rct tends to be stable because when the water content continues to increase beyond the optimal water 

content, the soil tends to saturation. The surface of soil particles forms a stable electrical double layer, 

and the degree of difficulty of charge transfer in pore water becomes stable. Therefore, the reduction in 

Rct is not significant. 

When water content increases, the conductivity of pore water solution is enhanced, and the 

corresponding solution resistance Re is smaller, as shown in Table 3. The solution resistance Re is related 

to the water content, but the density of soil has no obvious effect on it. 

In conclusion, the electrochemical parameters are closely related to the compaction parameters 

of loessial silt. When the electrochemical parameters of the effective stage on the compaction curve 

under a certain compaction energy are known, the compaction degree of compacted soil can be detected 

and evaluated using EIS, which is an efficient and nondestructive method. 

 

 

 

4. CONCLUSIONS 

In this paper, E = 2013.7 kJ/m3 compacted loessial silt samples under five different water content 

conditions were tested by EIS, and the following conclusions were obtained: 

(1) Electrochemical measurement is closely related to the content of the sample pore fluid. When 

the water content is low (w < wopt – 2%), even though the soil sample is dense, there is no connection 

between the sample surface and the electrode contact surface. As a result, the effective contact surface 

between the sample and the test electrode could not be formed, and the EIS was disordered. 
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(2) The solution resistance Re decreases with increasing water content. The charge transfer 

resistance Rct decreases with increasing water content. When the water content is close to the optimal 

water content, Qdl is closest to the ideal capacitance. 

(3) The change rule of soil particle resistance Rs and Cs with the water content is similar to that 

of the dry density with the water content. The Rs and Cs values reach their peak at the optimal water 

content. A higher dry density corresponds to a more continuous grain arrangement. The overall 

impedance characteristics of solid particles are more obvious. 

(4) The charge transfer resistance Rct decreases with increasing water content and eventually 

tends to be stable. The difficulty of charge transfer is closely related to the resistance among particles. 

With an increase in the water content, the resistance among particles decreases and eventually stabilizes. 
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