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1. Introduction 
 

As increasing the utilization of the underground space, a 

variety of problems have arisen during underground civil 

works or operating the underground facilities while many 

construction and monitoring technologies related to the 

underground structures have been remarkably developed 

through the recent researches (Mazek 2014, Mirranda 2015, 

Moffat et al. 2015, Yoo 2016, Ding et al. 2017, Zheng et al. 

2017). 

It was mainly reported that the problems were caused by 

presence of the unexpected underground facilities (utility 

tunnels, water and sewage pipes, electric and telephone 

cables etc.) and anomalies of the ground (e.g., cavities, fault 

zones and weak area), despite the site investigation before 

the construction. In addition, insufficient or inaccurate 

information of the ground properties and design drawings 

on existing underground facilities causes not only the 

difficulties in planning for the establishment of the 

underground facilities, but the damages in the existing 

facilities during the construction (Ryu 2010).  

For the past decades, a variety of the non-destructive 

geophysical exploration methods have been developed and 

applied widely to get the information and image about  
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subsurface without interfering with the social and physical 

environment on the ground surface. The geophysical 

methods were based on seismic, electrical and 

electromagnetic waves. Ground penetrating radar (GPR) is 

one of the most frequently used geophysical survey method 

using the electromagnetic waves in the field of railroad, 

civil and environmental engineering (Benson 1995, Mellet 

1995, Jaw and Hashim 2013, Metwaly 2015, Paz et al. 

2017). However, this technique has the limitations in 

conductive medium such as clays or soil with saline or 

contaminated pore water (Schoor 2002, Turesson 2006). 

Electrical resistivity method is also another one of the 

frequently used geophysical survey method delineating the 

subsurface geological and hydrological conditions (Schoor 

2002, Kumar 2012 Methwaly and AlFouzan 2013, Perrone 

et al. 2014, Oh et al. 2015, Ungureanu et al. 2017, 

Neyamadpour 2018, Osinowo and Falufosi 2018). The 

other researchers have been tried to combine the GPR and 

the ERT to provide enhanced characterization of geological 

features of the subsurface (Abu-Shariah 2009, Gómez-Ortiz 

and Martín-Crespo 2012, Carrière et al. 2013, Kowalczyk et 

al. 2017, Diallo et al. 2019). However, the conventional 

geophysical exploration methods still have challenges for 

the application in urban areas due to complicated 

environments, severe noise sources, and limited space for 

the measurement (Jeng 1995, Metwaly 2015).   

This study focused on the development and application 

of the electrical resistivity exploration method 

technologically improved to detect the subsurface facilities 

or geological anomalies in the ground medium. In this 
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paper, an anomaly referred to geological weak zones or 

underground facilities (e.g., water or sewage pipe lines or 

utility tunnels) existing in the subsurface medium. A 

theoretical equation was proposed to predict the location, 

direction and characteristics of the subsurface anomalies. 

The equation was based on a relative difference in the 

electrical conductivity between the anomaly and the 

surrounding medium. Electric field analysis was utilized to 

derive the equation for the electrical resistance. Also, 

analysis program was developed to solve the proposed 

theoretical equation. Field applications were carried out at 3 

sites to evaluate and verify the developed theoretical 

equation and the analysis program. 
 

 

2. Electric field analysis 
 

2.1 Electric field analysis for intact rock 
 

The theoretical equation obtaining electrical resistances 

of subsurface medium between two electrodes is derived 

from the electric field analysis based on the Gauss’s law. In 

the analysis, an anomaly is assumed to be spherical and the 

ground medium is assumed as semi-infinite, homogeneous 

and isotropic intact rock.  

Two electrode A and B are installed on the ground 

surface, as shown in Fig. 1. The electric field is formed 

between the electrode A and B when voltage is generated by 

the electrodes. Eq. (1) expresses the electric field formed at 

any point P when the voltage is generated at the electrode 

A. Point P is located at the horizontal distance of xp from A. 

Similarly, the electric field formed by the electrode B can 

be expressed in Eq. (2). Therefore, the electric field 

generated simultaneously from both of electrode A and B 

can be expressed in Eq. (3), combining Eq. (1) with Eq. (2). 

𝐸̅+𝑔 =
1

4𝜋𝜀𝑔

𝑄

𝑥2 + 𝑙2
∙ 𝑥̂ (1) 

𝐸̅−𝑔 =
1

4𝜋𝜀𝑔

𝑄

𝑥2 + (𝐿 − 𝑥)2
∙ 𝑥̂ (2) 

(𝐸+𝑔 + 𝐸−𝑔)
𝑥

=
𝑄

4𝜋𝜀𝑔

(
𝑥

(𝑥2 + 𝑙2)3/2

+
𝑄

(𝑥2 + (𝐿 − 𝑥)2)3/2
) 

(3) 

where 𝐸̅+𝑔 and 𝐸̅−𝑔 are the electric fields formed at any 

point P(𝑥𝑝, 𝑦𝑝 , 𝑙) by the electric voltage applied to the 

electrode A and B, respectively. 𝜀𝑔  is the electric 

permittivity of the intact rock, Q is the electric charge, L 

(m) is the distance between electrode A and B, 𝑥̂ is the unit 

vector of x-axis.  

From a local point of view, the electric current 

distribution at any point inside the conductor can be 

expressed using a concept of the current density (𝐽)̅. 𝐽 ̅ is 

defined as a vector and measured in amperes per square 

metre (A/m2). The magnitude of 𝐽 ̅ can be obtained by 

normalizing the electric current by the cross-sectional area 

or the product of the electrical conductivity (𝜎) and the  

 

Fig. 1 Schematic of electric field 
 

 

electric field (𝐸̅). The general relationship between electric 

current density and the electric current is given by Eq. (4) 

(Gauss’s law).  

𝐼 = ∮ 𝐽̅
𝑆

∙ 𝑛 𝑑𝑎 = − ∮ 𝜎
𝑆

𝐸̅ ∙ 𝑛 𝑑𝑎 (4) 

where 𝑑𝑎 is the area of any element on surface S, n is the 

unit vector perpendicular to 𝑑𝑎.  

The electric field induced by the electric voltage applied 

to the electrode A is distorted in the anomalies. Considering 

this electrical characteristics, the electric current measured 

at the electrode B can be obtained from the summation of 

the electric currents flowing the three parts of the 

subsurface medium; the electric current flowing above the 

spherical anomaly (0 ~ (𝑙 − 𝑟𝑝) ), that flowing in the 

spherical anomaly ((𝑙 − 𝑟𝑝) ~(𝑙 + 𝑟𝑝)), and that flowing 

below the spherical anomaly ((𝑙 + 𝑟𝑝) ~ ∞).  

By applying this estimation method, the electric current 

at the center point P(𝑥𝑝, 𝑦𝑝 , 𝑙)  of the anomaly can be 

calculated as shown in Eq. (5).  

𝐼𝑠−𝑝(1) = ∫ 𝜎𝑠𝐸̅𝑠
1−𝑟𝑝

0
∙ 𝜋𝑙𝑑𝑙 + ∫ 𝜎𝑝𝐸̅𝑝

𝑙+𝑟𝑝

𝑙−𝑟𝑝
∙ 𝛼𝑙𝑑𝑙 +

∫ 𝜎𝑠𝐸̅𝑠
𝑙+𝑟𝑝

𝑙−𝑟𝑝
∙ (𝜋 − 𝛼)𝑙𝑑𝑙 + ∫ 𝜎𝑠𝐸̅𝑠 ∙ 𝜋𝑙𝑑𝑙

𝑆

𝑙+𝑟𝑝
  

(5) 

where, 𝜎𝑠 is the electrical conductivity of surroundings, 𝑟𝑝 

is the radius of the anomaly, 𝜎𝑝  is the electrical 

conductivity of the anomaly, 𝐸𝑝 is the electric field of the 

anomaly, 𝐸𝑠 is the electric field of surrounding ground, 𝑙 
is the distance between the surface and the center of the 

anomaly, 𝛼 is 2𝑠𝑖𝑛−1(𝑟𝑝/𝑙). 

If the anomaly is assumed as the continuous cylindrical 

structure such as the cable tunnels, water and sewage pipe 

lines, it can be detected by continuous measurements using 

sensor arrays in Fig. 2.  

The electric current at the center (𝑥𝑝 −
𝑘

𝑡𝑎𝑛𝜃
, 𝑦𝑝 + 𝑘, 𝑙) 

of the cross section of the cylindrical structure moved from 

point P by k in the y direction can be calculated as Eq. (5) 

using electric field formed between the electrode A1 to B1. 

Where θ is the direction of the structure from the x-axis in 

the floor plan. Similarly, the electric current flowing 

between the electrode A2 to B2, the electrode A3 to B3 and 

electrode A4 to B4 can be obtained using Eq. (5) by moving 

the center point on the centreline of the cylindrical 

structure. 

A B
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Fig. 2 Electrode array around the cylindrical underground 

structure 
 

 

The electric field inside a spherical anomaly in a region 

of the subsurface medium containing an uniform electric 

field, 𝐸̅𝑔 is defined as shown in Eq. (6) proposed by Reitz 

(2008) in the previous study. 

𝐸̅𝑝 =
3

𝐾𝑝 + 2
𝐸̅𝑔 (6) 

where, 𝐾𝑝 (= 𝜀𝑝/𝜀𝑔)  is the ratio between the electrical 

permittivity of surrounding ground medium (𝜀𝑔) and the 

electrical permittivity of anomaly (𝜀𝑝).  

If an anomaly is existed in subsurface medium, the 

electrical resistance equation can be derived as shown in 

Eq. (7), by substituting Eq. (6) into Eq. (5). 

𝑅𝑠−𝑝 =
2

𝑎 {𝜋𝜎𝑠𝑓1 + [
3𝛼𝜎𝑝

𝐾𝑝 + 2
+ (𝜋 − 𝛼)𝜎𝑠] 𝑓2}

 
(7) 

where geometric position 𝑓1 , 𝑓2  and 𝑓(𝑥)  can be 

calculated as follows. 

𝑓1 = 2 + 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 + 𝑟𝑝

𝑓(𝑥)
)]

+ 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 + 𝑟𝑝

𝐿 − 𝑓(𝑥)
)]

− 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 − 𝑟𝑝

𝑓(𝑥)
)]

− 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 − 𝑟𝑝

𝐿 − 𝑓(𝑥)
)] 

(8) 

𝑓1 = 2 + 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 + 𝑟𝑝

𝑓(𝑥)
)]

+ 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 + 𝑟𝑝

𝐿 − 𝑓(𝑥)
)]

− 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 − 𝑟𝑝

𝑓(𝑥)
)]

− 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 − 𝑟𝑝

𝐿 − 𝑓(𝑥)
)] 

(8) 

𝑓2 = 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 − 𝑟𝑝

𝑓(𝑥)
)] + 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (

𝑙 − 𝑟𝑝

𝐿 − 𝑓(𝑥)
)]

− 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 + 𝑟𝑝

𝑓(𝑥)
)]

− 𝑐𝑜𝑠 [𝑡𝑎𝑛−1 (
𝑙 + 𝑟𝑝

𝐿 − 𝑓(𝑥)
)] 

(9) 

𝑓(𝑥) = 𝑥 −
𝑛𝑠𝑘

𝑡𝑎𝑛𝜃
 (10) 

where 𝑛𝑠 is the number of sensors installed on the ground 

surface. An electrical resistance value (𝑅𝑠−𝑝) measured by 

the sensor is expressed as the function defined by the 8 

parameters such as the center coordinates (𝑥𝑝, 𝑦𝑝, 𝑙), the 

radius (𝑟𝑝) , and the electrical conductivity of the 

anomaly (𝜎𝑝)  and the surrounding ground (𝜎𝑠) , the 

electrical permittivity ratio (𝑘𝑝), the radius of sensors (𝑎), 

the distance between sensors (𝑘), and the number of sensor 

arrangement (𝑛). 

All parameters consisting of the equation must be found 

to solve Eq. (7), except for several ones such as 𝑅𝑠−𝑝 a, k 

and n which values are already known. In other words, 

characteristics of an anomaly (i.e., the center location, 𝑟𝑝, 

and 𝜎𝑝) can be obtained by solving the Eq. (7). Therefore, 

inverse analysis is utilized to estimate the remaining 

unknown values from the equation applying the measured 

electrical resistance value.   

 

 

3. Exploration system 
 

The exploration system and measurement sensors were 

developed to measure the electrical resistance values in the 

field (Fig. 3). The minimum and maximum radius of the 

anomaly that the sensor system can measure is about 20 cm 

and 4 m respectively. 

Inverse analysis program is based on the genetic 

algorithm which is the probabilistic method based on the 

principle of the evolution such as natural selection and 

genetics to find the optimized solutions for the problem. 

Genetic algorithm simulates the process of natural selection 

which means the group of potential solutions who can adapt 

to changes in their environment are able to survive and 

reproduce and go to next generation to exploit solution 

space. Developed inverse analysis program is shown in Fig. 

4.   

Input variables on the developed program are sensor 

radius, genetic algorithm variables (i.e., the population size 

and the number of generation), and 7 electrical resistance 

variables measured in the field using one source and 

receiver sensor. Output variables are the center coordinates, 

size, and direction of the anomaly, permittivity ratio, and 

electric conductivity relative to the surrounding ground 

medium. When population size and the number of 

generation of genetic algorithm are set to 5000 and 2000 

respectively, it takes about 30 minutes to complete the 

inverse analysis.  

3D viewer is the visualization program that shows the  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 3 Exploration system; (a) integrated system, (b) data 

acquisition, (c) digital multimeter, (d) power supply, (e) 

control program and (f) sensors 
 

 

Fig. 4 Inverse analysis program 
 

 

Fig. 5 3D viewer 

3D geometry of the predicted spherical anomalies which is 

shaped by using the coordinates, size and direction resulted 

from the inverse analysis. In addition, it is possible to 

confirm the relative distance between the predicted 

anomalies and the existing subsurface facilities in this 

visualization program.   

 
 

4. Field applications 
 

Field tests were carried out to verify and to evaluate the 

applicability of the developed electrical resistivity 

exploration method and exploration system.  

 

4.1 Site 1- Subsidence exploration 
 

The ground subsidence occurred in the OOO substation 

as shown in Fig. 6. The visible subsidence size at the 

surface was measured about 20 cm in diameter. Field 

experiments were performed to verify the effective range 

and size of the subsidence in the underground below the 

surface. As shown in Fig. 7, eight sensors were installed on 

the ground in the vicinity of the subsidence to detect an 

anomaly in the range of L in the horizontal distance and 4L 

in depth. 56 electrical resistance values generated by 

flowing the DC voltage (DC 5V) were obtained as shown in 

Table 1. The technique developed in this study is not 

influenced by the ambient electrical noise, even though the 

electric field has already been formed in the ground due to 

the characteristics of the substation which is always flowing 

the electric current. The reason is that this technique can 

predict a specific region where the electric current is the 

best flowing or does not flow the most, distinguishing from 

the conventional resistivity method. Also, the analysis is not 

changed depending on the specific arrangement method. 
 

 

 

 

Fig. 6 Site investigation of the subsidence (Site 1) 
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Fig. 7 Senor arrangement (Site 1) 

 

Table 1 Measured electrical resistance values in Site 1 

Source Sensor Receiver Sensor 
Electrical resistance 

values (Ω) 

(20, 20) (20, 19.25) 23223 

(20, 20) (20, 19.25) 5932 

(20, 20) (20, 17) 6296 

(20, 20) (18.5, 17) 9696 

(20, 20) (18.5, 17.75) 13976 

(20, 20) (18.5, 19.25) 9862 

(20, 20) (18.5, 20) 13091 

(20, 19.25) (20, 20) 41309 

… … … 

 

 

(a) 

 

(b) 

Fig. 8 Anlaysis results for Site 1, (a) results from the 

inverse program and (b) predicted subsidence 

 

 

 Inverse analysis was performed by using the developed  

Table 2 Factors derived from the inverse analysis (Site 1)  

Factor Result 

Coordinates (x3, y3, z3) (19.855, 19.725, 0.462) 

Size (m) 0.398 

Electrical conductivity (Ωm) 0.0093727 

Permittivity ratio 0.091559 

 

 

Fig. 9 Subdivision of section 1 and 2 in Site 2 

 

 

Fig. 10 Field experiment in Site 2 

 

 

analysis program based on the theoretical expression which 

requires input data such as the location coordinates of the 

sensors and the electric resistance values corresponding to 

the sensors. The predicted results are represented in Fig. 8 

and Table 2. Predicted size of the subsidence was 

approximately 0.4 m in radius and 0.86 m in depth below 

the ground surface.  

Based on the analysis results, when excavation of the 

ground was performed to reinforce the subsided region, 1 m 

cavity was actually found. Consequently, prediction 

accuracy of the developed technique was confirmed to be 

about 75 %. 

 

4.2 Site 2- underground structure exploration 
 

Site 2 is the site of the electric power supply facility 

construction. Underground exploration using the developed 

method was performed to investigate the underground 

buried structures in the site, collaborated with an expert of 

GPR exploration. Field experiments were conducted at 8  
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Table 3 Measured electrical resistance values in Site 2 

Source Sensor Receiver Sensor 
Electrical resistance 

values (Ω) 

(0, 0) (23, 0) 4225 

(0, 9.1) (23, 9.1) 5036 

(0, 17) (23, 17) 4163 

(0, 32.3) (23, 32.3) 3763 

(0, 39.1) (23, 39.1) 2840 

(0, 65.4) (23, 65.4) 3621 

(0, 72.2) (23, 72.2) 3837 

(0, 80.5) (23, 80.5) 2518 

… … … 

 

Table 4 Underground conditions predicted by the inverse 

analysis for Site 2  

Section Analysis results 

1-1 0 m~15 m : soil, >15 m : rock 

1-2 0 m~34 m : soil, >34 m : rock 

1-3 Within 1m, a crossing underground structure (r = 0.15m) 

1-4 0 m~15 m : soil, >15 m : rock 

1-5 0 m~41 m : soil, >41 m : rock 

2-1 within 8m, a crossing underground structure (r = 3m) 

2-2 0 m~53 m : soil, >53 m : rock 

23 0 m~31 m : soil, >31 m : rock 

 

 

Fig. 11 Comparison of results from the developed 

technique and GPR survey 

 

 

sections into which the construction site with the length of 

1,063 m was divided as shown in Fig.9. Five sections 

(section 1-1~1-5) were Shield TBM sites and others (2-1, 2-

2) were open TBM sections. A group of sensors (source and 

receiver) were installed on the ground surface unpaved 

around the roadside trees (Fig. 10).  

Table 3 shows some of the electrical resistance values 

obtained from the experiments. Inverse analysis was carried 

out in order to identify the characteristics of the anomaly in 

each section using genetic algorithm. In the results of the 

inverse analyses tabulated in Table 4, additional anomalies 

(or buried structures) were found in section 1-3 and 2-1. It 

was difficult to detect the anomalies by GPR survey since 

those directions were parallel to the cross-section profile 

imaged in GPR survey. The anomaly information obtained 

from the test were reflected in the design of the electric 

power supply facility construction. Moreover, the anomaly 

1 in Fig. 11 was actually verified during the construction.  
 

4.3 Site 3- underground structure exploration 
 

Site 3 was located in the site planned to build a new 

warehouse at the ○○○ # 2 substation. Before the 

construction of the pile foundation for the structure, field 

experiments using the developed exploration technique 

were conducted to determine the presence of underground 

structures. The experiments were performed at 3 places 

dividing the site (Fig. 12(a)). Fig. 12(b) shows the 

exploration system applied in the test. 

The electrical resistance values obtained from the 

experiments were represented in Table 5. Inverse analysis  
 

 

 
(a) 

 
(b) 

Fig. 12 Field experiment setup; (a) Test sections, (b) an 

exploration system 

 

Table 5 Measured electrical resistance values in Site 3 

Source Sensor Receiver Sensor 
Electrical resistance 

values (Ω) 

(1, 1) (1, 3) 9254 

(1, 1) (1, 5) 9113 

(1, 1) (7, 1) 5383 

(1, 1) (7, 3) 11688 

(1, 1) (7, 5) 6644 

(1, 5) (1, 3) 19053 

(1, 5) (7, 1) 7905 

(1, 5) (7, 3) 16219 

… … … 

Section 1

Section 1-1 Section 1-2 Section 1-3 Section 1-4 Section 1-5

Anomaly 1

Electrical 

supply
Pipe Sewer 

pipe

Sewer 

pipe

Pipe
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Fig. 13 Result of inverse analysis 

 

Table 6 Underground conditions predicted by inverse 

analysis for Site 3 

Location Analysis results 

1 Under 3 m, a crossing underground structure (r=0.5 m,  : 

10°) 

2 0 m~30 m : soil, >30 m : Weathered rock 

3 Comparison to #2, strong ground exists 

 

 

Fig. 14 Predicted underground structure 

 

 

was performed by using the analysis program based on the 

genetic algorithm as shown in Fig. 13. 

Table 6 and Fig. 14 shows the evaluation results of 

presence of the underground structures of each part in Site 3 

that was based on the factors such as the location 

coordinates (x, y, z), size (r), electrical conductivity (𝜎𝑤), 

direction () and permittivity ratio (K). It was expected that 

an anomaly considered as an underground structure was 

existed at location 1 as shown in Fig. 14.   

Construction of the pile foundations were carried out 

considering the analysis results. On the other hand, the area 

where the buried structure was expected to be was 

excavated to verify the predicted result. Finally, it turned 

out to be true, but the measured depth of 1.5 m was slightly 

different from the predicted one of 3.0 m. It was considered 

that the difference was caused by interference on the 

electrical resistance value from the surrounding substation 

buildings. 

 

 

5. Conclusions 
 

In this study, an improved exploration method based on 

the electrical resistivity was developed to detect an anomaly 

in the subsurface when the anomaly has the electrical 

conductivity different from the surrounding ground 

medium. The electrical resistivity equation was derived on 

the basis of the electric field analysis carried out under the 

assumption that a subsurface anomaly is cylindrical. Inverse 

analysis program was also developed to solve the equation 

for obtaining the location, size, and direction of the 

subsurface anomalies using the electric resistance values 

measured by using the exploration system in the field.  

The developed exploration method was applied to the 

field tests carried out at 3 sites where the electric power 

utilities are already located or under construction. It was 

expected that the tests would be able to detect the presence 

of the subsurface anomalies such as utility pipe lines or 

cavities which might disrupt construction works.  

From the test results, it was found that this method was 

5 times deeper in exploration depth, 6 and 20 times shorter 

in exploration and analysis time respectively, compared 

with the conventional survey methods. Also, the reliability 

of the predicted results was verified by successfully 

predicting the anomalies in the sites where the field 

applications of the developed method were conducted.   

Application of the developed method, however, may be 

limited to some conditions, such as when there are multiple 

anomalies (more than two) apart each other, or when the 

anomaly is smaller than 20 cm. Also, the prediction 

accuracy can be reduced when electrical noise is present 

around the measured site.     

Nevertheless, it is expected that probable incidents 

caused by the unexpected anomalies can be prevented by 

applying the proposed exploration method.  
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