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1. Introduction 
 

Deep underground excavation for the radioactive waste 

repositories in argillaceous clay may cause damage to the 

tunnel structures, resulting in fractures that tend to 

propagate due to the stress redistribution and affect the 

permeability of the clay. However, the favorable self-

sealing characteristics of the clay can help self-sealing its 

fractures and gradually restore its initial permeability 

through the swelling of clay minerals, i.e., smectite, 

interacting with water (Zhang 2013, Labiouse et al. 2009, 

Van Geet et al. 2008). Under a specific stress condition, the 

extent of fracture closure is determined by the clay-water 

interaction. Thus, the self-sealing of fractured clay can be 

represented by the re-saturation processes and consequently 

evaluated by the saturation distribution and moisture 

migration. 

An effective non-invasive electrical resistivity 
tomography (ERT) technique has been used to investigate 

the moisture migration law and the saturation process in 

unsaturated clay (Daily et al. 1992). As the direct indicator 

of its conductivity, clay resistivity is determined by the 

water content, saturation, ion concentration, and density 

(Rhoades et al. 1976). With other factors remaining 

constant, the relationship between water content and  
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resistivity can be determined, and the moisture migration 

can be obtained. The validity of ERT in monitoring water 

movement is based on the empirical, semi-empirical 

(Archie 1942), or established in-situ relationships 

(Farzamian et al. 2015a, b) between water content and 

resistivity. Several studies were conducted to monitor the 

salt tracer tests or the water infiltration through the 

unsaturated zones (Rosqvist et al. 2000, Audebert et al. 

2016, Chambers et al. 2004, Liu et al. 2008, Lee et al. 

2019, Jo et al. 2019). Hassan et al. (2013) confirmed that 

the ERT could be adopted to detect the fractures and 

investigate the evolution of fractures in clays. 

The mounting positions of ERT electrodes vary from on 

the ground surface, cross-borehole to both on the ground 

surface and cross-borehole. The high density cross-borehole 

ERT has been proven most effective. Daily et al. (1992) 

discussed the validity of the cross-borehole ERT when 

adopting it to study the water flow features in the deep 

vadose zone. Since then, many scholars began to apply the 

cross-borehole ERT to monitor the dilution and 

displacement of a saline tracer plume equipped with 

electrodes in the borehole (Slater et al. 2000, Binley et al. 

2002, French et al. 2002, Wilkinson et al. 2010, Bellmunt et 

al. 2016, Perri et al. 2012). Similar tests on solute transport 

properties focused on gaseous CO2 release in a shallow 

sand aquifer, meanwhile the elevated water electrical 

conductivity and CO2 migration were captured with the 

cross-borehole ERT (Yang et al. 2015 and Dafflon et al. 

2012). Li et al. (2014) adopted the cross-borehole ERT to 

predict the geological and geotechnical conditions and 

detected the undesirable clay bodies before tunneling. 

In this paper, an artificial water injection test based on 

the cross-borehole ERT was conducted on a small-size clay 

sample. The resistivity distribution is derived from the 
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corresponding data inversion. During clay saturation, the 

saturated zone expands, and the pore space is gradually 

filled by water due to the moisture migration, resulting in 

resistivity distribution changes. Thus, resistivity 

measurement is effective in evaluating the distribution of 

moisture content in clays. In the meantime, the hydraulic 

conductivity can be estimated by comparing the results of 

unsaturated flow simulation and the saturation derived from 

the ERT. 
 

 

2. Experimental details 
 

2.1 Material and sample preparation 
 

The tests was conducted on a remolded clay sample. In 

natural clays, the volume porosity is 39 % on averagely and 

water content ranges from 24 % to 30 %. The clay minerals 

include illites, smectites and kaolinites, accounting for 

about 60 % of the total mass. The non- clay minerals 

include quartz (about 25 %), feldspar, and a little pyrite and 

calcite (Yu et al. 2012). The sample was remolded with clay 

powders and synthetic clay water (SCW) under a total stress 

state of 4.5 MPa. Table 1 lists the main characteristics of the 

tested sample. A 5 mm × 40 mm groove was made on the 

sample, as shown in Fig. 1. 

The synthetic clay water (SCW) is configured according 

to the aqueous composition of the clay rock in situ. The 

main components are NaCl and CaCO3. The solution was 

stirred for 72h before injected into a back pressure 

generator and was deaired with a vacuum pump for 1h 

(Gong 2015). 

 

2.2 Experimental apparatus 
 

The experimental apparatus consists of the multi-core 

cable, the power supply module, microelectrodes, the data 

acquisition module, and the intelligent conversion module, 

as shown in Fig. 2. The apparatus also adopts the 

FlashRES64 system, characterized by multi-channel, ultra-

high density and direct current prospecting inversion. Data 

was collected through the electrode conversion, and the 

results of resistivity distribution were determined through 

the inversion, which are much close to the real state. The 

apparatus has many advantages, including good stability, 

high efficiency, and high resolution, all of which helped 

improve the reliability of the results. 

 

2.3 Experimental procedure 
 

The experimental apparatus comes with 64 channels, 

and 24 of which were adopted in the test due to the size of 

the clay sample. The electrodes symmetrically installed on 

the two sides of clay sample along the axial direction with 

the interspacing of 6 mm were labeled 1 to 12 and 53 to 64. 

All electrodes were connected to the intelligent conversion 

module through the multi-core cable, as shown in Fig. 3. 

Throughout the test, the groove was maintained full of 

synthetic clay water. 

The test was conducted in the following steps: 

Step 1: Assembling the apparatus modules and installing  

Table 1 Parameters of the tested sample 

Parameter D0 (mm) H0 (mm) W0 (%) ρd0 (g/cm3) ρ0 (g/cm3) Sr 

Value 80 100 16.96 1.7 2.01 0.7 

*D0 is the diameter, H0 is height, ρ0 is density, ρd0 is the dry 

density, W0 is water content, Sr is saturation degree 

  

  
(a) Physical map (b) Sketch map 

Fig. 1 The cylindric clay sample with a groove 

 

 

Fig. 2 The FlashRES64 system 

 

 

Fig. 3 The Layout electrodes 

 

 

the electrodes; 

Step 2: Setting the voltage, electrode space, and other 

configurations; 

Step 3: Grouping the electrodes. Two power supply 

electrodes are driven by a known current and the voltage 
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difference is measured between all other pairs of electrodes. 

Then, the known current is applied to two other electrodes 

and the voltage is again measured between all other pairs. 

This process is repeated until current has been applied to all 

pairs of electrodes; 

Step 4: Measuring and recording the voltages on the 

electrode; 

Step 5: Ensuring steps 2 to 4 are completed within a 

fixed time. 

 

2.4 Electrical resistivity method  
 

When point power source A is on the earth surface, the 

underground space is treated as semi- infinite space. 

Assuming that the underground medium is homogeneous, 

the potential of the direct current field satisfies the 

following basic differential equation (Li 2008): 

 (1) 

where σ is the electrical conductivity, I is the power supply 

current, and δ(A) is the Kronecker function centered at 

point A. 

The potential of the direct current field also satisfies the 

following boundary conditions: 

 

(2) 

where U is the potential of electric field, n is the normal 

direction of earth surface, r is the distance to point A, Γs is 

the surface boundary, Γ∞ is the infinite boundary. 

Thousands of data were derived from a cycle of 

measurement, during which the unfavorable data were 

eliminated by the certain standards. The ERT data were 

inverted in RES2DINV software with the least square 

method. The inverted results were much close to the actual 

resistivity of the clay sample thanks to the large amount of 

data and the high resolution instrument. As an important 

factor influencing the measurement of resistivity, the 

temperature was monitored with a thermometer to help 

obtain more accurate data during the tests. 

 

2.5 The relationship between saturation and 
resistivity 

 

The resistivity of the clay sample was measured under 

different saturations of 0.9, 0.7, 0.5 and 0.3 to investigate 

the resistivity variation law with saturation. The samples 

with the same dry density were remolded with clay powders 

and SCW under the stress state of 4.5 MPa.  

The resistivity was measured using the same method as 

the artificial water injection test. The relationship between 

saturation and resistivity was shown in Fig. 4. The 

relationship between the resistivity and saturation can be 

expressed as Eq. (3), which is based on Archie (1942), 

Farzamian et al. (2015a). The error of Eq. (3) is 0.69%. 

This error is evaluated by the mean absolute percent error 

(MAPE) (Beyer 1991). This MAPE is a well-known index  

 

Fig. 4 Relationship between saturation degree and 

resistivity 

 

 

to quantify the error between the experimental results and 

predicted results. 

 
(3) 

where ρ is the resistivity; Sr is the degree of saturation. 

As shown in Fig. 4, the resistivity of the samples tends 

to decrease with the increase of saturation degree. The 

reason behind this trend is that the pore space within the 

samples was filled with more water due to the increasing 

saturation degree, which led to an increased amount mobile 

ions and consequently the increased conductivity. However, 

when the saturation degree is over a specific value, the 

connectivity of the pores within the samples becomes better. 

With the increase of the moisture content, the number of 

mobile ions and connectivity show no significant change. 

Thus, the resistivity tends to decrease by a lower amplitude.  
 

2.6 Moisture migration simulation 
 

The moisture migration was simulated in the ABAQUS 

software. Two-dimensional Richards' equation can be 

expressed as, 

 

(4) 

where kx and ky are the hydraulic conductivity of x and y 

directions, respectively; θw is the water content; h is the 

total head; t is time. 

Substituting ( )w w w w wm u m h y        into the 

Eq. (4), and let y be the position head, then 
w

w

u
h y


  . 

 

(5) 

 

 

3. Results and discussions 
 

3.1 The resistivity evolution 
 

The saturation process was measured during the first 15  
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Fig. 6 Relationship between temperature and time 

 

 

Fig. 7 The 3D FEM mesh of the model 
 
 

hours. The inversion of ERT data was conducted in the 

RES2DINV software (Loke 2004). The RMS (Root-Mean-

Square) error varied from 5% to 15%. These results suggest 

a rather good fit with the model, especially when 

considering the possible strong 2D resistivity effect. 

Five measurements were made during the artificial 

water injection test, the distribution of resistivity was 

obtained, and the low resistance areas were identified. Fig.5 

shows the results of resistivity imaging at different times, 

where the blue and grey areas represent the low and initial 

high resistivity zones, respectively. The images show that 

the low resistivity area appears in the center of the sample 

because the groove is filled with saline water. Thus, it is 

concluded that: 

(1) The water in the groove can be detected within the 

small-size sample with the cross-borehole ERT, and some 

good results can be obtained. 

 

 
Fig. 8 The soil-water characteristic curve 

 

 

(2) The resistivity of the sample approximates 3.5 Ω∙m 

when the initial saturation is 0.7, and the zone where the 

resistivity is below 3.5 Ω∙m is the seepage area in which the 

saturation is over 0.7. 

(3) The low resistivity zone in the centre of sample 

represents the location of groove or fracture, which is filled 

with saline water. 

(4) The low resistivity zone expands gradually, 

indicating that water migrates from the groove to the 

surrounding areas, and the vadose zone constantly absorbs 

water. 

The temperatures varied within 1 degree, as shown in 

Fig. 6, indicating that temperature has little effect on the 

measurement of resistivity, thus can be ignored during the 

test. 

 

3.2 Estimating the hydraulic conductivity of clay 
 

Hydraulic conductivity is critical for determining the 

potential of water migration. The water injection test was 

simulated in the ABAQUS software, and the results of 

unsaturated flow simulation and the saturation results 

acquired through ERT were compared. The saturation 

process was simulated under different hydraulic 

conductivity levels, i.e., 10-8 m/s, 10-9 m/s, 10-10 m/s, and 10-

11m/s.  

The model is shown in Fig. 7. The diameter and height 

of the model are 80 mm and 100mm, respectively. There are 

31428 elements (C3D8RP) and 34244 nodes. The normal 

deformation is fixed in the boundaries except the top 

surface of the model. The stress is initialized according to  
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Fig. 5 Resistivity distribution at different time 
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height direction and the pore water pressure is initialized 

according to soil-water characteristic curve (Bernier et al. 

1997). The modelling procedure was divided into the 

following two phases: the first is in-situ tress equilibrium 

phase, the second is seepage phase (15 hours), including 

removing the element of groove and activating pore water 

pressure and boundary condition of groove. 

Fig. 8 shows the soil-water characteristic curve of the  

 

 

 

 

 

 

remolded sample (Bernier et al. 1997). The relationship 

between water permeability and saturation degree is 

depicted with reference to Romero (1999). Water migrates 

from the fractures to the vadose zone. Thus, the distribution 

of saturation at different times can be obtained, and the 

hydraulic conductivity can be estimated. 

Figs. 9-13 show the distribution of the simulated 

saturation degree in the ABAQUS software under different  

 
     

(a) t=3600 s (b) t=7200 s (c) t=12600 s (d) t=28800 s (e) t=54000 s 

Fig. 9 Saturation degree distribution over time at the hydraulic conductivity of 10-8 m/s 

 
     

(a) t=3600 s (b) t=7200 s (c )t=12600 s (d) t=28800 s (e) t=54000 s 

Fig. 10 Saturation degree distribution over time at the hydraulic conductivity of 10-9 m/s 

 
     

(a) t=3600 s (b) t=7200 s (c) t=12600 s (d) t=28800 s (e) t=54000 s 

Fig. 11 Saturation degree distribution over time at the hydraulic conductivity of 10-10m/s 

 
     

(a) t=3600 s (b) t=7200 s (c) t=12600 s (d) t=28800 s (e) t=54000 s 

Fig. 12 Saturation degree distribution over time at the hydraulic conductivity of 10-11m/s 

     

 
(a) t=3600s (b) t=7200 s (c) t=12600 s (d) t=28800 s (e) t=54000 s 

Fig. 13 Saturation distribution converted from RET data 
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hydraulic conductivity and the saturation degree acquired 

through RET. The distributions of saturation are similar to 

the simulation results under the hydraulic conductivity of 

10-9 m/s. 

A horizontal line AB in the middle of the groove was 

drawn to study the relationship between the sets of results. 

The saturation degree distribution on line AB was plotted in 

Fig. 14, which shows that the higher the hydraulic 

conductivity, the greater the saturation. The saturation 

distribution acquired through ERT lies within the range of 

10-9 to10-10 m/s. The hydraulic conductivity of the original  

clay approximates 10-12 m/s (Van Geet et al. 2008) due to 

the intact structure and the over-consolidated soil. Thus, the 

hydraulic conductivity of the remolded sample is 2 orders  

 

 

of magnitude lower than the undisturbed sample. 

The hydraulic conductivity of the saturated remolded 

clay sample was measured by the steady state method, and 

the test curve is shown in Fig.15. The measured hydraulic 

conductivity is 2.82*10-10m/s, which conforms to the 

estimation range of 10-9 to10-10 m/s.  

 

3.3 Discussion 
 

Farzamian et al. (2015b) compared the simulated flow 

with the moisture distribution acquired through ERT, and 

one misfit error value was used to evaluate which hydraulic 

conductivity value best represents the field conditions. In 

this paper, the simulated results were compared with the test  

  
(a) t=3600 s (b) t=7200 s 

  
(c) t=12600 s (d) t=28800 s 

 
(e) t=54000 s 

Fig. 14 Saturation distribution on line AB at different time 
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Fig. 15 Injected water flow-time relationship of the 

steady-state experiment on the saturated remolded clay 

 

 

Fig. 16 Schematic of the clay sample after testing 
 

 

results of one key cross section, and one penetration test 

was conducted to confirm its reasonability. The two-

dimensional distribution of apparent resistance can be 

acquired through cross-borehole ERT. The evolution law of 

apparent resistance represents the water migration. The 

RMS (Root-Mean-Square) error is reasonable, ranging from 

5% to 15%. With good consistency to the test data, ERT can 

be applied to analyze the evolution law of water migration 

in mudstone. However, two-dimensional inversion 

techniques were adopted for data processing due to the 

immaturity of three-dimensional inversion techniques and 

the limited sample size. Therefore, the test results can 

provide some good examples for the investigation of water 

migration in mudstone. Due to the inadequacy of data 

processing, the theory of three-dimensional resistance 

inversion technique also needs developing in the future. 

Fig. 16 shows the schematic of the clay sample after 

testing. The initial empty groove was filled with clay 

particles under the action of hydration swelling after more 

than ten hours. The permeability of the fracture decreased 

because of the reduction of seepage channel, which 

indicates that the fracture has a certain degree of closure. 

Although it is difficult to use hydraulic conductivity or 

other index to quantitatively characterize the degree of 

closure in this paper, it is observed that fracture self-sealing 

process occur due to the hydration swelling.  

The self-sealing characteristics are important to evaluate 

the safety of the nuclear waste disposal repository. Also, 

water is one of the most important factors influencing the 

self-sealing characteristics (Zhang 2013, Labiouse et al. 

2009, Van Geet et al. 2008). The excavation of the disposal 

repository would cause fractures and improve the 

permeability of clays. The surrounding rock gradually 

becomes saturated after support. And the clay absorbs the 

water and generates the swelling strain to minimize the 

degree of fracture. Water content and self-sealing capacity 

have a specific relationship, and the higher the saturation, 

the easier the fracture closure. Therefore, through this study, 

we intend to apply ERT technique to the field to study the 

moisture migration in the process of re-saturation of 

surrounding rock after excavation of gallery of disposal 

system. The results of water distribution acquired through 

ERT can be used to guide and evaluate the studies of the 

fracture self-sealing. However, the evaluation of self-

sealing degree is a qualitative description because there are 

almost no similar studies using specific function 

expressions to describe the relationship between water and 

self-sealing capacity quantitatively. Additionally, relevant 

tests are required to investigate the relationship between 

water and self-sealing, and a self-sealing model considering 

water should be built to evaluate and simulate the self-

sealing of fractured clays. 

       

 

4. Conclusions 
 

The artificial water injection test was conducted on the 

clay sample, and the moisture migration law was 

investigated through cross-borehole ERT during the 

saturation. The following conclusions are obtained: 

• The low resistivity zone can be detected and the 

distribution of resistivity can be obtained through the cross-

borehole ERT, which confirms its suitability for the small-

size samples. 

• The saturation process can be obtained based on the 

distribution of resistivity and the saturation acquired 

through ERT. 

• An important parameter of hydraulic conductivity is 

estimated based on the comparison between simulated 

water flow and the saturation distribution acquired through 

ERT. 

• Water is critical for the self-sealing characteristic. The 

distribution of saturation can be quantified through 

experimental studies. The cross-borehole ERT technique 

can be employed in the field to determine the water 

migration and evaluate the self-sealing capacity of fractured 

clays. 
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