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Abstract. Recently, electrical resistivity surveys have been used to obtain information related to underground structures
including burial structure type and depth. However, various field conditions hinder understanding measured electrical resistance,
and thus there is a need to understand how various geometries affect electrical resistance. This study explores the effect of
geometric parameters of a structure and electrodes on electrical resistance in the framework of the finite element method. First,
an electrical resistance module is developed using the generalized mesh modeling technique, and the accuracy of the module is
verified by comparing the results with the analytical solution for a cylindrical electrode with conical tip. Then, 387 cases of
numerical analysis including geometric parameters of a buried structure and electrodes are conducted to quantitatively estimate
the detection depth under a steady-state current condition. The results show that electrical resistance is increased as (1) shallower
burial depth of structure, (2) closer distance between ground electrode and structure, (3) longer horizontal electrode distance. In
addition, the maximum detection depth corresponding to converged electrical resistance is deeper as (4) closer distance between
ground electrode and structure, (5) shorter horizontal electrode distance. The distribution of the electric potential around the
electrodes and underground structure is analyzed to provide a better understanding of the measured electrical resistance. As
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engineering purpose, the empirical equation is proposed to calculate maximum detection depth as first approximation.
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1. Introduction

Unexpected accidents occur during the construction of
underground spaces because subsurface geophysical and
geological surveys fail to detect the existence of anomalies
(e.g., fault and weak zones). Therefore, advanced
geophysical techniques are required to accurately predict
geological conditions and prevent accidents. The method of
ground-penetrating radar (GPR) has been employed in a
wide range of applications, such as soil and rock profiling,
water-table detection and bedrock identification, identifying
structural features in underground, and bars checking in
reinforcement and beam columns (Venkateswarlu and
Tewari 2014, Abdelmawla et al. 2023). However, GPR has
limitations including low resolution, shallow detection
depth, antenna gain effect, and soil water content (Neal
2004). While the seismic method has been applied for a
similar purpose with GPR method, blasting for the
generation of signal sources has technical difficulties, such
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as environmental noise, installation of sensor arrays to
predict the direction and location of underground structures,
and the destruction of segment linings installed during
tunnel excavation (Ma and Qian 2020).

The electrical resistivity method has a relatively high
resolution and simple measurement process (i.e., casy
installation of sensors and no additional excitation source)
and thus is the most applied techniques in geophysical
methods to characterize the subsurface at multiple scales,
from a few centimeters to kilometers (Liu et al. 2008,
Flechsig et al. 2010, Roodposhti ef al. 2019, Yang et al.
2021, Chhun and Yune 2023). It measures the electrical
resistance of the ground that impedes the electrical flow
(electric fields and currents) induced by potential
differences among embedded electrodes. Then, the
measured electrical resistance is converted using a
geometrical factor to quantify the intrinsic properties of the
electrical resistivity. Note that the geometric factor when
the field tests are preformed is a function of separation
between electrodes and electrode shape, whereas these
electrode properties are ignored because of their relatively
small scale compared with the measuring area (Taiwo ef al.
2017, Kim et al. 2023). Recently, the electrical resistivity
method has been applied to different purposes of field
testing. FElectrical resistivity tomography (ERT) helps
identify the geometries (size, shape, and location) of buried
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cavities (Cardarelli et al. 2006, 2010, Fasani et al. 2013,
Olabode and San 2023) and was used to predict the
characteristics of steel-tower foundations (e.g., depth,
width, and span). In particular, electrical resistivity surveys
has been used to obtain information related to underground
structures, including the structure type and depth (Ryu et al.
2015, 2017). It symmetrically installs more than eight
sensors along the underground structure. The resistance
values from each electrode sensor were measured, and an
inverse analysis was conducted. The results showed that the
electrical exploration method detected more than 80% of
the locations of underground structures at relatively shallow
depths (less than 5 m). However, many cases related to the
geometries of electrodes and underground structures
provide incorrect information about the structure, and thus
there is a need to understand how various geometries affect
the electrical resistance,

This study explores the effect of the geometric
parameters of a structure and electrodes on the electrical
resistance in the framework of the finite element method.
First, an electrical resistance module is developed using a
generalized mesh modeling technique, and the accuracy of
the module is verified by comparing the results with the
analytical solution for a cylindrical electrode with conical
tip. Then, extensive parametric analysis, including the
geometric parameters of a buried structure and electrodes,
are conducted to quantitatively estimate the detection depth
under steady-state current conditions. The distribution of
the electric potential around the electrodes and underground
structure is analyzed to provide a better understanding of
the measured electrical resistance. This discussion
summarizes the variation in the maximum detection depth
of a buried structure as a function of normalized distance.

2. Theoretical background: electrical resistance
based on point charge

Electrical resistivity can be derived using Ohm’s law
and Maxwell equations. Ohm’s law as empirical equation
states that electric potential difference across two electrodes
is directly proportional to the electric current with constant
electric resistance of the medium. In addition, Gauss’s flux
theorem, which is a Maxwell equation, is related to the flow
and distribution of the electric charge resulting from an
electric field. Ohm’s law can be rewritten with the current
density J [amps/m?] and electric field strength E [volts/m]
when an electric field is conservative as

V-]=V-(6-E)=0 )

where V is the Del operator and o [1/Q-m] is the electrical
conductivity of a material. The Laplace equation, which
determines the equipotential lines formed by the electric
potential difference between two point-charges, can be
expressed with homogeneous electrical conductivity as

V-]=—(V6-E+J-VE)=V2V=O ©)

=0

After solving the second-order nonhomogeneous Euler-

Cauchy differential equation, the boundary condition (V —
0 as the electrode distance approaches infinity) is imposed,
and then the analytical formulation of the electrical
potential of a single electrode can be obtained as

R
A

\ dx 3)
where [ [amps] is the induced current flow within the
medium, X [m] is the distance from the center of the
electrode, and A [m?] is the equipotential surface area as a
function of the distance x from the electrode. The difference
in electric potential between the appositively polarized
electrodes defines the average electrical resistance as
+ -
R = Vt—-v @)
I

where V* is positively polarized electrode, V™ is negatively
polarized electrode.

In the field or a large scale, where the contact area
between the electrode and medium is small and the distance
between two electrodes is sufficient, the electrodes are
generally assumed as a half-sphere shape with an equivalent
surface area (Samouélian et al. 2005). However, the
electrode geometry (penetration depth, radius, and electrode
distance) can change the equipotential surfaces and current
flow, which eventually leads to errors of the electrical
resistivity values in small-scale laboratory tests. Previous
studies investigated the formulation of four electrode shapes
(Hong et al. 2019, 2020, 2022). The electrical resistance
equations for the equipotential surface and current flow are
summarized in Table 1. Note that this study uses theoretical
equations for cylindrical electrodes with conical tips to
validate the electrical resistance numerical module.

3. Development of electrical resistance simulation
module

3.1 Finite element mesh modeling

The  commercial FEM  software = COMSOL
Multiphysics® (2023) is employed to estimate the change of
electrical resistance according to the geometric parameters
of underground structure and electrodes. For the steady-
state condition, the current flow induced by the difference
in electric potential is simulated using the function of the
stationary and electric currents built-in the direct current
(DC) module. The finite element mesh modeling influences
the accuracy and computational time. In particular, irregular
mesh generation in the current flow hinders obtaining
precise electrical resistance and producing smooth
distribution of electrical field. The mapped and swept
functions are employed to generalize mesh that efficiently
helps to achieve consistent mesh modeling of the electrodes
and buried structures and their surroundings.

Fig. 1 shows the generated mesh around the electrodes
and the hollow circular structure in the 3D domain. As
shown in Fig. 1(a), the 3D domain is modeled as 25 m wide
(W) x 25 m long (D) x 15 m deep (H). The structure is
extended to the side boundaries, and four electrodes are
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Table 1 Schematic of equipotential and current flow line by induced potential different between electrodes. The
equipotential surface area is based on the electrode shape. Electrical resistance is obtained from Egs. (3) and
(4). Note that an arbitrary length (z) is the distance from electrode surface to equipotential line

Electrode shape

Equipotential and current flow line

Equipotential surface A [m?] Electrical resistance R [Q]
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installed on the surface. Fig. 1(b) shows the width W
divided into four parts (W., W5, Wy, and W). W, including
the electrodes, has relatively dense mesh element size of
0.05 m/element (m/elt). W, composing the underground
structure, is modeled with mesh elements of straight lines
extending in parallel with the 3D domain and has a mesh
element size of approximately 0.2 m/elt. W; and W, are
modeled with relatively loose mesh element sizes of
approximately 0.5 m/elt. While W; and W, are changed
according to the distance between the structure and
electrodes, and the element size within each part remains
constant. The length D is divided into three parts (W, D1,
and D). D; and D, have mesh element sizes similar to those
of elements with a width W of approximately 0.5 m/elt. Fig.
1(c) shows the depth divided into four parts (W, He, Hi,
and H,). He, including the cylindrical part and conical tip of
the electrodes, is modeled with only one mesh element for
each part. H; and H, have mesh element sizes of
approximately 0.2 m/elt. Furthermore, the underground
structure designed extending in parallel with the 3D domain
is modeled as a hollow cylinder with a thickness of 0.05 m.
The electrode is modeled with a 5 mm thickness and is
unfilled internally to reduce the computational time for
measuring the electrical resistance of the medium between
two electrodes [Fig. 1(d)]. A generalized mesh size modeled
around the electrodes, and the structure is summarized in
Fig. 1(e). The proposed mesh sizes are used for all
numerical simulations.

3.2 Geometry and electrical resistance properties

The electrical resistivity of the electrode is assigned as
AISI 303 stainless steel (Chu and Ho 1978) and the ground

is assumed as sandy soil corresponding to 10% water
content and 76% initial relative density (Melo et al. 2021).
The underground structure is modeled as a polyvinyl
chloride pipe (Ramesh et al. 2000). As an electrical
boundary condition, 1 V is applied into one electrode
(terminal electrode) and the other electrode is set as the
ground electrode. A voltage-sweeping function is applied to
the terminal electrodes to automatically obtain the electrical
resistance between them. A total of 387 cases are simulated,
including the distance between the two electrodes L, the
burial depth of the structure d, the diameter of the structure
D, and the distance between the structure and electrode u.
The geometric parameters and electrical properties of the
electrodes and underground structures are summarized in
Table 2.

4. Results and discussion

4.1 Validation of electrical resistance module:
preliminary numerical simulation

A preliminary simulation is conducted to validate the
electrical resistance module developed in this study. Fig. 2
presents an evaluation of the electrical resistance equation
for a cylinder electrode with a conical tip according to the
electrode distance L, where an isosurface is generated
around the terminal electrode under steady-state current
conditions. The electrical resistance significantly increased
at a shorter electrode distance (<1 m). However, the rate of
change in the electrical resistance gradually decreased, and
eventually the electrical resistance approached an
asymptotic value after a certain distance (>1 m). The
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H=15m

(a) 3D domain including four electrodes and structure

w
W, W,

OIER:

(b) Top view

(c) Side view (d) Electrode geometry
Symbol Size [m] Symbol Size per element [m/elt]
Wi 4.9,10.15, 11.65 Wielt ~0.5
W2 25 — 2W1 — 2We —Ws Wo-elt ~0.5
Ws 0.6 Wit ~0.2
We 0.2 We-elt 0.05
D1 10.4,11.4,11.65,11.9 Di-eit ~0.5
D» 0.8,13,18, 3.8 Da-eit ~0.5
0.1,05,0.9,1.3,1.7, 2.5,
Hi 2.7,32,4.1,4.3,45,5.3, Hi-ert ~0.2
6.5,7.7,89, 103,117

Hz 15— He—Hi—Ws Ho-eit ~0.2
He 0.15

(e) Generalized mesh size

Fig. 1 Generated mesh and generalized mesh size around electrode and structure proposed in this study. The proposed

mesh sizes are used for all cases

Table 2 Geometry and electrical resistivity of the electrode and underground structure used in this study

Parameter Value
Radius r 0.01
. Cylinder part | 0.1
Electrode Height Conical tip part h 0.05
Distance Horizontal Lx 1.5,4.5,15
Geometry Vertical Ly 1,1.5,5,10
[m] 0.3,0.7,1.1,1.5,1.9,2.7,
Burial depth d 29,3.5,43,45,4.7,5.5,
6.7,7.9,9.1,10.5, 11.9
Underground structure Diameter D 05
Distance from electrode u 0'45’2%65’, (4)175?’6} 7355’ L8,
. o Electrode pe 5x107
Electrical resistivity Sandy Soil 10°
[Qm] Sandy Sov pr.
Polyvinyl chloride pipe p2 107
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Fig. 3 Distributions of (a) Electric potential and (b) Current density on the selected domain (6 m x 10 m). The current
flows from the terminal electrode (right side) to the ground electrode (left side). Case is the distance between electrode L

= 1.5 m and the electrical resistance R = 6409 Q

difference between the electrical resistance values obtained
from the theoretical equation and the numerical simulation
are quantitatively evaluated as

|RTheory _ RNuml

ER = RTheory (1)

where R [Q)] is the electrical resistance value calculated
using the theoretical equation, RN'™ [QQ] is the electrical
resistance value obtained from the numerical study, and ER

is the error. The error is less than 0.0025 for all cases.
Indeed, the proposed generalized mesh minimize the
numerical error caused by mesh modeling, and the 3D
domain size is sufficient to simulate the current flow and
equipotential surface without boundary effects. In addition,
the electrical resistance isosurface corresponding to the
selected electrode distance displays a single value around
the terminal electrode indicating the average electrical
resistance on the electrode surface owing to the steady-state
current conditions.
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Fig. 4 Variation of electrical resistance with respect to geometric parameters of underground structure and electrode. Each
continuous line indicates numerical simulation results obtained in the absence of underground structure. Note that the #1 el
ectrode is fixed as ground electrode, and the other electrode as terminal electrode applied 1 volt. Numerical case is Ly = 1.

Smand D=0.5m

Fig. 3 shows the distribution of the electric potential and
current density around the electrodes in the selected domain
(6 m x 10 m). The electric potential and current density
between the electrodes has symmetric distributions. The
electric potential from the bottom of the terminal electrode
at a depth of 0.7 m exhibits a dense distribution with a
sudden voltage drop and relatively small voltage drops with
loose distribution at a larger depth (>0.7 m). The current
density as the amount of current flow through the cross
section is proportional to the electrical field strength in the
homogenecous medium (J = o-E). Indeed, the electrical
resistance numerical module developed in this study is
verified through a preliminary numerical simulation.

4.2 Effect of geometry parameters on electrical
resistance

Fig. 4 shows the variation of electrical resistance as a
function of the burial depth d with respect to three
horizontal electrode distances Ly and three locations of
underground structures from a close electrode under

diameter D = 0.5 m and vertical electrode distance Ly = 1.5
m. Note that underground structure, which higher resistivity
than the ground, hinders flowing current between
electrodes. In all cases, the electrical resistance decreased
with a deeper burial depth regardless the spacing between
the electrodes or the structural location. In particular, a
significant decrease in electrical resistance is observed up to
a depth of 2 m. Subsequently, the rate of change in
electrical resistance gradually decreased and eventually
approached the asymptotic value obtained from the
homogenous ground without an underground structure. A
longer horizontal electrode distance exhibits the higher
electrical resistance at the same burial depth when the
terminal electrode is located from ground electrode;
distance effect does not occur when both electrodes are
located on the same side. In addition, the maximum
detection depth corresponding to the converged electrical
resistance is deeper as the horizontal distance between two
electrodes become closer: a shorter electrode distance (Ly =
1.5 m) shows a deeper maximum burial depth (d = 11.9 m),
whereas a longer distance (Lx = 15 m) presents a shallower
maximum burial depth (d = 2.9 m) [Figs. 4(a)-4(c)]. As the
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Fig. 5 Effect of underground structure burial depth on the voltage drop and current flow

underground structure is located far away from the ground
electrode, the electrical resistance decreased and the
maximum burial depth is observed at relatively shallow
depth. For example, when the electrical voltage is induced
at terminal electrode #4, the maximum burial depth for
distance between the structure and ground electrode (u =
0.5Ly) is approximately 7.9 m for the Ly = 1.5 m and 2.7 m
for the Ly = 15 m [Fig. 4(i)]. The detection depth is
summarized on the next section. This observation
underscores the importance of selecting the distance
between electrodes to accurately detect underground
structures at even greater depths.

Fig. 5 shows the distribution of the electric potential
around two electrodes and the underground structure to
understand the measured electrical resistance in the selected
domain (4 m x 3 m). Clearly, the electric potential is
suddenly changed around the underground structure
regardless the burial depth. The structure at a shallow depth
(d = 0.3 m) significantly disrupts the current flow between
the electrodes, resulting in a rapid voltage drop of 0.49-0.5

V in the direction of the current flow above the structure.
The buried structure at a greater depth (d = 3.5 m) exhibits a
relatively gradual voltage drop (0.5 V) above the
underground structure [Fig. 5(a)]. In addition, the
underground structure (u = 0.3Ly) located relatively close to
the ground electrode shows dramatically decrease in electric
potential from 0.49 V to 0.495 V in above the structure. As
expected, as the distance between the structure and ground
electrode increased, the voltage drops of 0.5 V, and a gentle
voltage drop occurred around the structure.

4.3 Discussion: detection depth

In the electrical resistivity survey, the distance between
installed electrodes has critical effect on the detection depth
of burial structure. This study proposes empirical equations
that help to calculate the maximum detection depth d. as a
first approximation. Fig. 6 shows the maximum detection
depth as a function of the normalized distance defined by
the electrode position and distance between the electrodes.
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While higher electrical voltage difference increases the
maximum detection depth, this study keeps the voltage
difference constant. The maximum detection depth is
significantly decreased as longer the distance between
underground structure and ground electrode. At the same
normalized distance, the maximum detection depth is
greater when the terminal electrode is located close to the
ground electrode; terminal electrode #4 shows a deeper
maximum detection depth. Meanwhile, a sufficient
horizontal distance (Lx = 15 m) exhibits a constant
maximum detection depth regardless the distance between
the structure and ground electrode.

5. Conclusions

This study is explored to understand the change of
electrical resistance according to various geometries of
structure and electrode. The 3D numerical simulations
module in framework of finite-element method are
developed using generalized mesh modeling technique.
Total 384 cases including the geometric parameters of the
underground structure and electrodes are simulated to
quantitatively investigate the change in the electrical
resistance. Salient conclusions are as follows:

* The mesh is modeled by using the mapped and swept
functions to efficiently achieve consistent mesh of the
domain. The generalized mesh modeling technique causes
less error (< 0.0025) between electrical resistance values
obtained from the theoretical equation and numerical
simulation, implying that developed electrical resistance
module is verified.

» Extensive parametric analysis shows that electrical
resistance is increased as (a) longer horizontal electrode
distance, (b) the shallower depth of the structure, and (c)
proximity to ground electrode with structure.

* The presence of structure with high electrical resistivity

than the ground disrupts the current flow between
electrodes, resulting in either rapid voltage drops from
ground electrode in the direction of current flow around the
underground structure. Those distributions are more
pronounced for shallower burial depth and shorter distance
from structure to ground electrode.

+ The maximum detection depth corresponding to
converged electrical resistance is deeper as (d) closer
horizontal electrode distance and (e) shorter the distance
between structure and electrode. The empirical equation
shows the relation between detection depth and normalized
distance can be used to select distance between electrodes
to accurately detect underground structure at even deeper
depth as first approximation.
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