
Research Article
Evaluation of the 3D Topographic Effect of Homogeneous and
Inhomogeneous Media on the Results of 2D Inversion of
Electrical Resistivity Tomography Data

Marzhan Kabdykalievna Turarova ,1 Tolkyn Mirgalikyzy ,1

Balgaisha Gafurovna Mukanova ,2 Igor Nikolaevich Modin ,3

and Pavel Aleksandrovich Kaznacheev 4

1Department of Computer and Software Engineering, L.N. Gumilyov Eurasian National University, Nur-Sultan 010008, Kazakhstan
2Astana IT University, Nur-Sultan 010000, Kazakhstan
3Department of Geophysical Methods of Earth Crust Study, M.V. Lomonosov Moscow State University, Moscow 119313, Russia
4The Schmidt Institute of Physics of the Earth of the Russian Academy of Sciences, Moscow 119313, Russia

Correspondence should be addressed to Tolkyn Mirgalikyzy; m_t85@mail.ru

Received 13 November 2021; Accepted 26 January 2022; Published 15 February 2022

Academic Editor: Angelos Markopoulos

Copyright © 2022 Marzhan Kabdykalievna Turarova et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This work is devoted to the creation of numerical 3D models for studying 3D topographic effects of homogeneous and
inhomogeneous media on the results of 2D inversion. To solve the direct problem, the integral equations method (IEM) was
applied to simulate the electric field and calculate the values of apparent resistivity. For the numerical solution of the integral
equation, a computational mesh, adapted to the terrain features, was constructed. The calculation of the apparent resistivity of
the medium was implemented for a pole-dipole array. Calculations have been performed for a conducting medium with 3D
local inhomogeneity and the ground surface topography. The influence of the 3D model with topography, flat ground surface,
and immersed inhomogeneity on the results of 2D inversion was estimated. Influencing factors of the 3D model, such as the
slope angle of the topography, the resistivity ratio of the inhomogeneity and the host medium, the average size of
inhomogeneity and topography, the distance from the inhomogeneity to the measuring line for the medium with and without
topography, and the distance between the electrodes of the electrical resistivity tomography (ERT) array, were studied. Based
on the research results, recommendations and conclusions that can be useful when conducting geophysical studies by the ERT
method are drawn.

1. Introduction

With the development of computer technologies and
methods for solving direct and inverse problems, 2D and
3D electrical resistivity tomography (ERT) is widely used
in geophysical research [1–6]. Among the main works that
influenced the formation of ERT, we mention the Zohdy’s
work (the idea of a smooth 1D solution for electrical sound-
ing). Barker transferred the ideas of a smooth solution from
1D problems to 2D [7, 8]. 2D ERT is a fast and efficient
method of obtaining data on the geological structure for sub-
sequent inversion and interpretation. 3D ERT is a new direc-

tion with a trend of future development; however, most
measurements and interpretations are mainly based on 2D
ERT [9–11]. Automatic 2D and 3D inversion programs are
based on complicated algorithms for solving direct and
inverse problems of electrical survey [12–24]. 2D and 3D
inversions of ERT data often are carried out on the ground
with an uneven surface; a high contrast of subsurface resis-
tivity does not always give a real imaging of the geological
structure [25–30]. The topography of the ground surface
creates significant disturbances of the electric field, which
in turn can generate strong anomalies in the results of inver-
sion, which actually are not presented in real geological
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structures [25–30]. This is because the array of electrical
survey is located directly on the ground surface, where
the contrast of resistivity between air and ground is usu-
ally much greater than the contrast between underground
geological structures.

In 1935, Komarov and Gorbenko were the first to focus
on the problem of the ground surface topographic effect on
the electric field distribution [25, 26]. To date, the effects of
the ground surface topography on the electric field and on
the inversion results of ERT data remain one of the urgent
problems of great scientific and practical interest.

In his thesis, Chanturishvili investigated the main fea-
tures of the ground surface topographic effect on a homoge-
neous electric field for the case when a ridge or valley had
the shape of an isosceles triangle [27]. He was convinced that
the distortions of the vertical electrical sounding (VES)
curves were not very noticeable for ridges and valleys with
slope angles less than 20°, and that the distortions of the
VES curves caused by ridges are greater than the distortions
caused by valleys. It turned out that over the elevation angles
of the topography, the values of apparent resistivity decrease,
while over the descent angles of the topography, the VES
curves increase. Yilmaz and Coskun noted that the inversion
results of 2D ERT performed in areas with significant height
changes may be erroneous, since the observed data on
apparent resistivity may be distorted by topography [30].

The effect of the ground surface topography has been
studied by many researchers, and several approaches have
been developed to numerical account and reduction of this
kind of effect at 2D and 3D data inversion [31–38].

Another potential problem in 2D surveys is the 3D effect,
which produces anomalous artifacts when inverting ERT
data. In 2D ERT, it is assumed that the resistivity of geological
structures does not change in one of the horizontal directions,
that is, the medium is considered as a 2D infinite half-space
[39]. In reality, the geological structure is inhomogeneous in
three directions, and electric current flows in 3D space (X, Y,
and Z), and therefore, the results of 2DERTmay be erroneous
[40, 41]. The 3D effect means that the geological 3D structure
outside the resistivity profile will affect the results of 2D inver-
sion in the form of artifacts [39]. Also, using a 2D inverse pro-
gram, assuming that the topography is 2D, will give incorrect
results since the topography is 3D.

Dahlin, Lin et al., and Bievre et al., in their studies, noted
the influence of the 3D effect on the results of 2D ERT and
suggested to take into account 3D effects in interpretation
and inversion [42–44]. Hojat et al. also noticed the influence
of the 3D geometry of a particular object on the 2D ERT
data that were measured using the monitoring system of
the internal hydrogeological state of the dam [45]. Accord-
ing to the results of their study, regardless of the lateral posi-
tion of the profiles, all measurements along the embankment
are distorted by 3D effects, especially in the deeper parts. In
[39], Tresoldi et al. have applied the developed strategy to
correct such effects in the initial data obtained along river
dams. They have observed that their method reasonably
eliminates such effects, but this problem remains an urgent
area of research that should be developed for conducting
accurate correction.

The purpose of the present work is to study the 3D topo-
graphic effect with a homogeneous and inhomogeneous
structure of the ground on the results of 2D ERT inversion.
In this work, 3D conducting media with 3D local inhomoge-
neity and the ground surface topography are simulated by
creating a numerical model for calculating apparent resistiv-
ity employing the integral equations method (IEM). To
study the 3D topographic effect on the results of 2D ERT
data inversion, we make parametric changes in the slope
angle of the topography, the resistivity ratio of the inhomo-
geneity and the host medium, the average size of inhomoge-
neity and topography, the distance from the inhomogeneity
to the measuring line for the medium with and without
topography, and the distance between the electrodes of the
ERT array. Based on the results of numerical simulation,
recommendations and precautions have been made for
future tests and fieldwork while interpreting 2D ERT data
with a real 3D topography.

2. Simulation of Apparent Resistivity
Using IEM

To simulate the apparent resistivity curves of the studied
media, the IEM was applied [46], which can also be inter-
preted as an implementation of the boundary element
method (BEM).

Using IEM for simulation, the electric field has well
recommended itself [47–51] and has advantages in cost-
effectiveness of computing resources compared to finite ele-
ment method (FEM) and finite difference method (FDM). In
the IEM, the computational mesh is built on the contact
boundaries of the media only, whereas in finite element
and finite difference methods, the mesh is built on a 3D
computational volume [52, 53].

To simulate the electric field, in the presented study, a
computational mesh is built only on the surfaces of the
ground and the immersed inhomogeneity (see Figure 1).
The mesh is adapted to the measuring line. The measuring
line is located along the x-axis.

The mesh on the ground surface is refined along the
measuring line (see Figure 2).

In the developed program, data collection is simulated
using a pole-dipole array (AMN +MNB), which widely
used in ERT studies. In the case of measuring by a pole-
dipole array AMN , the second source B is referred to
the physical infinity, and for pole-dipole array MNB,
source A is referred to infinity. For a pole-dipole array A
MN , the apparent resistivity of the medium is calculated
using the following formula:

ρk = K
ΔUMN

IA
, K = 2π ⋅ AM ⋅AN

MN
: ð1Þ

where K is the geometric coefficient for this array
(AMN), ΔUMN is the measured potential difference
between the receiving electrodes M and N , A is the supply
electrode, and IA is the current in the supply line.

The structure of the output files was adapted to the
format of 2D inversion programs.
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The numerical implementation of the algorithm for
calculating the apparent resistivity curves of the IEM for
a topography with 3D immersed inhomogeneity is com-
pared with the results obtained by the FEM. To compare
two methods, the authors used the COMSOL Multiphysics
software, where the direct problem of ERT is solved by
FEM [54, 55].

3D computational mesh for the FEM used for modeling
in the COMSOL Multiphysics sofware is represented in
Figure 3. To simulate the electric field by FEM, the total
computational volume has been defined before. The simu-
lated volume is chosen in such a way that its limitation in
space does not affect the solution in the area of interest.
For testing purpose, the simulated volume was set as a hemi-
sphere. The radius of the sphere is 1000m. Figure 3 shows
only a quarter of the sphere. Figure 4 shows only a part of
the simulated volume containing the area of interest (topog-
raphy element and heterogeneity). The supply electrode is
installed in the center of the hemisphere.

The simulated volume is divided into finite elements of
tetrahedra. The mesh thickens near the current source, the
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Figure 1: 3D model of the computational mesh for simulating the electric field by IEM for the medium with the ground surface topography
and immersed inhomogeneity.
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Figure 2: Computational mesh for simulating the electric field by IEM on the ground surface (top view on XY plane).
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Figure 3: Simulated volume constructed in the COMSOL
Multiphysics program (FEM).
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Figure 4: The mesh of the studied area of the simulated volume in the COMSOL Multiphysics program (FEM): (a) orthographic projection
view, (b) plan view, and (c and d) cross-sectional views. For convenience, only half of the model on the x-axis is shown.
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Figure 5: Computational mesh on the ground surface and immersed inhomogeneity surface. (a) XZ-section. (b) YZ-section. (c)
Computational mesh on the ground surface in the XY-section (Bottom view).
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angles of the inhomogeneity bends, and the ground surface
relief. The computational mesh turns out to be very cumber-
some, taking into account the partitioning of the entire vol-
ume surface and not just the distribution surface of the
electric current. The geometry of the model is located closer
to the center of the total simulated volume, that is, closer to
the supply electrode. Figure 4 shows the computational
mesh (FEM) of a 3D model for the ground surface relief
and inhomogeneity in the shape of an ellipsoid. Due to the
large simulated volume, a lot of grid elements are located
in the remaining part of the simulated volume. To reduce
their number, it is necessary to use an uneven grid or special
boundary conditions.

20,104 triangulation elements were used to simulate the
electric field by IEM. Accordingly, about 200,000 three-
dimensional finite elements were used for the FEM.

Testing was carried out for various 3D models of the
media: for uneven and smooth ground surfaces with
immersed 3D inhomogeneity and without inhomogeneity.

According to the test results, to obtain smoother results,
the FEM required almost 10 times more number of elements
of the computational mesh and much more time. This shows
that the developed numerical algorithm for simulating

apparent resistivity curves using IEM has advantages in per-
formance and economy. IEM calculations require signifi-
cantly less computing resources.

3. Numerical Models

To understand the influence of the 3D topographic effect of
a homogeneous and inhomogeneous medium, various
numerical models were created in this study (see Figure 5).
Then, we investigated the possible influence of the 3D topo-
graphic effect on the results of 2D ERT inversion using
changes of parameters, such as the slope angle of the topog-
raphy, the resistivity ratio of the inhomogeneity and the host
medium, the average size of inhomogeneity and topography,
the distance from the inhomogeneity to the measuring line
for the medium with and without topography, and the dis-
tance between the electrodes of the ERT array.

In this study, ρ1 is the resistivity of the medium, and ρ2
is the resistivity of the immersed inhomogeneity. The ratio
of ρ1 and ρ2 was denoted as the resistivity contrast
ratio n = ρ2/ρ1.

The topography of the ground surface has the shape of a
3D hill, the slope angle of the topography along the x-axis is

dyter = 1.2 m (from –0.6 to 0.6) dyter = 4 m (from –2 to 2) dyter = 5.6 m (from –2.8 to 28)

α
 =

 1
0°

α
 =

 2
0°

α
 =

 2
5°

α
 =

 3
0°

10.0 14.1 20.0 28.3 40.0 56.6 80.0 113

Resistivity in ohm.m

ρ = 10 Ω.m

Figure 6: The influence of the topography slope angle along the x-axis and the topography width of the 3D homogeneous medium in the Y-
direction on the results of 2D inversion.
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designated as α, the length of the topography base along the
x-axis is dxter, and the width of the topography base along
the y-axis is dyter. In the calculations, a certain value L was
set as a unit of length, and further, all the geometric dimen-
sions of the models and the measuring setup were expressed
in these units. In the models discussed here, the length of the
measuring line Lensur = 3 (Figure 2), i.e., the unit of length L
is one-third of Lensur. To switch to dimensional values, it is
necessary to multiply all dimensionless geometric parame-
ters by the value L in meters. The length of the topography
dxter, expressed in units of L, was assumed to be constant,
and the length of the sounding line Lensur in meters is 3 L.

Let us denote topography base centers along the x- and y
-axes as xcter and ycter; xcter corresponds to 1.5, and ycter
corresponds to the coordinate center 0.

The immersed inhomogeneity has the shape of an ellip-
soid, that dimensions along the X, Y, Z are equal to dxhet,
dyhet, and dzhet, respectively. The coordinates of the immer-
sion depth of the heterogeneity center are denoted by xchet ,
ychet , and zchet , and the depzhet is the depth of the upper part
of the inhomogeneity. In all calculation models, a small

inhomogeneity immersion depth is chosen, where it is well
detected. Therefore, to study the 3D effect of immersed
inhomogeneity, in the present study, the immersion depth
of the center and the depth of the upper part of the inho-
mogeneity remain constant zchet = 0:3m, depzhet = 0:085
m ≈ 0:1m. xchet is also fixed to 1.5; disyhet is the distance
of the inhomogeneity location from the measuring line
along the y-axis.

The distance between the measuring electrodes is
denoted as dxel, and their number –Numel. The profile line
is directed along the x-axis.

Artifacts are caused by a change in the topography in
the YZ plane because 2D inversion programs assume that
the topography continues from minus to plus infinity in
the Y-direction.

Due to the truncation of the topography in the Y-direc-
tion, the program interprets the air behind the hill in the Y-
direction as an increase in resistivity [39]. Therefore, in our
study, we evaluated the width of the hill and the heterogene-
ity in the Y-direction relative to the length of the survey line
as an important factor causing artifacts. We changed the

dyter = 1.2 m (from –0.6 to 0.6)

dyhet = 0.6 m (from –0.3 to 0.3)

dyter = 5.6 m (from –2.8 to 2.8)

dyhet = 5.6 m (from –2.8 to 2.8)

dyter = 1.2 m (from –0.6 to 0.6)

dyhet = 0.6 m (from –0.3 to 0.3)

dyter = 5.6 m (from –2.8 to 2.8)

dyhet = 5.6 m (from –2.8 to 2.8)

ρ1 = 10 Ω.m, ρ2 = 20 Ω.m ρ1 = 20 Ω.m, ρ2 = 10 Ω.m

ρ1 = 40 Ω.m, ρ2 = 10 Ω.m

ρ1 = 60 Ω.m, ρ2 = 10 Ω.m

ρ1 = 10 Ω.m, ρ2 = 40 Ω.m

ρ1 = 10 Ω.m, ρ2 = 60 Ω.m

ρ1 = 80 Ω.m, ρ2 = 10 Ω.mρ1 = 10 Ω.m, ρ2 = 80 Ω.m

ρ1 = 100 Ω.m, ρ2 = 10 Ω.mρ1 = 10 Ω.m, ρ2 = 100 Ω.m

10.0 14.1 20.0 28.3 40.0 56.6 80.0 113

Resistivity in ohm.m

Figure 7: The influence of the resistivity contrast ratio of a 3D inhomogeneous medium with the ground surface topography on the results
of 2D inversion.

7Modelling and Simulation in Engineering



parameters of the topography width dyter and inhomogene-
ity dyhet in the Y-direction relative to the survey line. The
slope angle α of topography in the X-direction was also
changed, since with the change in the slope of the topogra-
phy, the height and volume change, respectively, which also
affect the appearance of artifacts resulting from 2D inver-
sion. Explanatory Table 1 presents the values of the model
parameters for studying and evaluating the appearance of
artifacts using 2D inversion of ERT data. To study the 3D
effect in the results of 2D inversion, the Res2Dinv (3.55 ver-
sion) program was used.

4. Results and Discussion

4.1. Influence Factors of the 3D Model

4.1.1. Influence of the Slope Angle and the Width of the
Topography along the y-Axis. As noted above, an important
factor distorting the results of 2D ERT inversion is the width
of the topography in the Y-direction compared to the length
of the survey line. Here, a model of a homogeneous medium
with the ground surface topography was considered. The
resistivity of a homogeneous medium was set
as ρ = 10Ω ⋅m. To enter the calculation results into the
Res2Dinv program, it is necessary to specify the length scale
L. The numerical values of the geometric parameters shown
in Table 1 correspond to L = 1m.

Comment. In this study, a relatively small scale L = 1m
was used for simulation purposes. However, the results
obtained remain valid for arbitrary L at a corresponding
proportional change in geometric dimensions.

In the present study, at different slope angles along the x
-axis (α = 10°, 20°, 25°, and 30°), three different sizes of topog-
raphy width were established: dyter =1.2m (from -0.6 to 0.6),
4m (from -2 to 2), and 5.6m (from -2.8 to 2.8) along the y-axis.
The influence of the topography slope angle and the topogra-
phy width of the 3D homogeneous medium in the Y-
direction on the results of 2D inversion are shown in Figure 6.

When the topography slope angle along the x-axis is
equal to α = 10°, and minor artifacts from the ground surface
topography are noticeable, which can be neglected. When
the topography slope angle along the x-axis is α = 20°, one
can notice the influence of the 3D topography effect. At a
topography width dyter = 1:2m (from -0.6 to 0.6), 3D effect
is noticeable, and at a topography width dyter = 4m (from
-2 to 2) and dyter = 5:6m (from -2.8 to 2.8), no noticeable
3D effect was detected. Starting from the topography slope
angle α = 25°, one can notice the presence of a 3D topo-
graphic effect in all cases. However, at the topography width
dyter = 1:2m, with an increase in the topography slope angle
(α= 30°), the dependence of resistivity of the anomalous
zone on the 3D topographic effect becomes stronger.

At a topography width dyter = 1:2m, the edge of the hill
at a distance of 0.6m from the survey line is only 1/5 of the
length of a 3-meter survey line, and this, as we see, leads to
serious artifacts.

At a topography width dyter = 4m, the edge of the hill at
a distance of 2m from the survey line is about 3/2 of the
length of the 3-meter survey line, and at a topography width

dyter = 5:6m, the edge of the hill at a distance of 2.8m is
almost comparable to the length of the survey line, and in
this case, artifacts weaken.

4.1.2. Resistivity Contrast Ratio. To understand the influence
of the resistivity contrast ratio of an inhomogeneous
medium with the ground surface topography on the 3D
effect in the results of 2D ERT data inversion, ten different
values of the resistivity contrast ratio ðn = ρ2/ρ1Þ were con-
sidered: five of them corresponded to ρ1 < ρ2
(n = 2, 4, 6, 8, and 10) and another five – to ρ1 > ρ2
(n = 0:5, 0:25, 0:17, 0:125, and 0:1). To discuss the influence
of the resistivity contrast ratio, we set ρ1 as 10Ω ⋅m when
ρ1 < ρ2 and set ρ2 as 20, 40, 60, 80, and 100 Ω ⋅m, respec-
tively. For the case when ρ1 > ρ2, ρ2 was set to 10Ω ⋅m,
and ρ1 to 20, 40, 60, 80, and 100 Ω ⋅m, respectively.

For testing, models of an uneven ground surface with a
topography slope angle α = 30° and two topography widths

dyhet = 0.6 m (from –0.3 to 0.3)

dyhet = 1.2 m (from –0.6 to 0.6)

dyhet = 2 m (from –1 to 1)

dyhet = 4 m (from –2 to 2)

dyhet = 5.6 m (from –2.8 to 2.8)
ρ1 = 10 Ω.m, ρ2 = 40 Ω.m ρ1 = 40 Ω.m, ρ2 = 10 Ω.m
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Figure 8: The influence of the inhomogeneity’s size of a 3D
medium with a flat ground surface in the Y-direction on the
results of 2D inversion.
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equal to dyter = 1:2m (from -0.6 to 0.6) and 5.6m (from -2.8
to 2.8) along the y-axis were selected, where the contrast of
the 3D topographic effect is well noticed. Two sizes of inho-
mogeneity under the ground surface topography in the Y-
direction are given, namely, dyhet = 0:6m with a small edge
distance (from -0.3 to 0.3) and dyhet = 5:6m with a large
edge distance (from -2.8 to 2.8) perpendicular to the survey
line. ycter is at the origin of the coordinates.

The influence of the resistivity contrast ratio of a 3D
inhomogeneous medium with the ground surface topogra-
phy on a 2D inversion is shown in Figure 7.

Consider the case ρ1 < ρ2. When the resistivity contrast
ratio is n = 2, at a small contrast, the predominance of 3D
topographic effect can be observed at given topography widths
dyter = 1:2m (from -0.6 to 0.6) and 5.6m (from -2.8 to 2.8).
Starting with the resistivity contrast ratio n = 4, one can notice
the mixing and strengthening of the resistivity of the anoma-
lous zone in the geological section of 2D inversion.

When the edges of the inhomogeneity and the ground
surface topography are at a short distance from the measur-
ing line in the Y-direction (dyter = 1:2m (from -0.6 to 0.6)
and dyhet = 0:6m (from -3 to 3), the 3D topographic effect
affects more strongly, and the shape of the anomalous zone
is essentially flattened out in the horizontal direction and
the resistivity increases.

When the distances of the edges of the inhomogeneity
and the ground surface topography increase in the Y-
direction (dyter = 5.6m (from -2.8 to 2.8) and dyhet = 5:6m

(from -2.8 to 2.8)) relative to the length of the measuring
line, a more circular shape of the anomalous zone under
the topography is observed. It is noticeable that the effect
of identifying the shape of inhomogeneity under the
topography becomes clearer. However, the resistivity is
also amplified and mixed, that is, the 3D topographic
effect is still present.

Consider the case ρ1 > ρ2. Here, at a short distance from
the measuring line of the inhomogeneity edges and the
ground surface topography in the Y-direction
(dyter = 1:2m (from -0.6 to 0.6) and dyhet = 0.6m (from -3
to 3)), the 3D topographic effect prevails. Artifacts change
with the change in the size of the topography and inhomoge-
neity in the YZ plane. When the edges of the inhomogeneity
and topography are located at a distance of up to 2.8m from
the measuring line in the Y-direction, the effect of the shape
of the inhomogeneity under the topography is also mani-
fested more clearly.

At resistivity contrast ratio n equal to 0.5, 0.25, 0.17,
0.125, 0.1, 8, and 10, changes in apparent resistivity anoma-
lies become more pronounced.

The greater the difference in resistivity between the inho-
mogeneity and the medium with the ground surface topog-
raphy, the greater is the range of influence of the 3D effect.

4.1.3. The Influence of the Inhomogeneity’s Size of the
Medium under the Flat Ground Surface and under the
Topography in the Y-Direction. To understand the influence
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Figure 9: The influence of the inhomogeneity’s size of a 3D medium with the ground surface topography in the Y-direction on the results of
2D inversion.
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of the 3D effect of the inhomogeneity’s size under smooth
ground surface in the Y-direction on the 2D inversion, we
set various dimensions of inhomogeneity dyhet = 0.6m,
1.2m, 2m, 4m, and 5.6m. Respectively, the distance of the
edge of the inhomogeneity from the measuring line was
0.3, 0.6, 1 2, and 2.8m.

Calculations were made for the cases ρ1 < ρ2 and ρ1 > ρ2.
We have set ρ1 as 10Ω ⋅m and ρ2 as 40 Ω ⋅m when ρ1 < ρ2.
We have set ρ1 as 40Ω ⋅m and ρ2 as 10Ω ⋅m when ρ1 > ρ2.
The influence of the inhomogeneity’s size of a 3D medium
with a flat ground surface in the Y-direction on the results
of 2D inversion is shown in Figure 8.

When the edges of the inhomogeneity were at distances of
0.3, 0.6, and 1m (dyhet = 0.6, 1.2, and 2m) from the measure-
ments’ line, in the geological section of the 2D inversion, obvi-
ous artifacts of the 3D effect can be noticed. The closer the
edge of the inhomogeneity is to the survey line, the stronger
the artifacts. Starting from a distance of 2m (dyhet = 4m) from
the survey line, the 3D effect becomes insignificant.

To assess the influence of the size of 3D inhomogeneity
under the ground surface with topography on the results of
2D inversion, we have set the same different sizes of inho-
mogeneity dyhet = 0:6, 1:2, 2, 4, and 5:6m (corresponding
distances of the edge of the inhomogeneity from the measur-
ing line of the survey were 0.3, 0.6, 1, 2, and 2.8m). The tests
were made for media models with a slope angle of topogra-
phy α = 30° and two topography widths equal to 1.2m (from
-0.6 to 0.6) and 5.6m (from -2.8 to 2.8) on the y-axis. The
influence of the inhomogeneity’s size of a 3D medium with
the ground surface topography in the Y-direction on the
results of 2D inversion is shown in Figure 9.

Here, with a change in the size of the topography and
inhomogeneity in the YZ plane, the artifacts become stron-
ger. The closer the edges of the inhomogeneity and topogra-
phy of the ground surface to the line of the survey, the
stronger are the artifacts. This once again indicates that 3D
geology and topography in the Y-direction, perpendicular
to the survey line, will affect the results of 2D inversion.

4.1.4. The Distance of the Inhomogeneity from the Measuring
Line. To estimate the possible range of the 3D effect influ-
ence of geological inhomogeneity, in this study, five types
of immersed inhomogeneity distances perpendicular to the
survey line were set, equal to disyhet = 0, 0:3, 1, 1:5, and 2m.
The inhomogeneity was small. The dimensions of the inho-
mogeneity along the x − , y − , and z-axes were dxhet = 0:6m,
dyhet= 0.3m, and dzhet = 0:43m, respectively. For compari-
son, testing was carried out for two types of medium models,
when the medium had a flat ground surface and when the
medium had topography with different lengths in the Y-
direction (dyter = 1:2, 2, 4, and 5:6m). Calculations were
made for the case ρ1 < ρ2 (ρ1 = 10Ω ⋅m and ρ2 = 40Ω ⋅m)
and ρ1 > ρ2 (ρ1 = 40Ω ⋅m and ρ2 = 10Ω ⋅m). Figure 10
shows the influence of the inhomogeneity distance in the
Y-direction on the results of 2D inversion for a 3D medium
with a flat ground surface.

As shown in Figure 10, at distances disyhet = 0 and 0:3
m, a 3D effect of geological inhomogeneity is significant.

At distances disyhet = 1, 1:5, and 2m, the 3D effect gradu-
ally disappears.

Figure 11 shows the influence of the inhomogeneity dis-
tance in the Y-direction on the results of 2D inversion for a
3D medium with ground surface topography, corresponding
to the case ρ1 < ρ2.

As shown in Figure 11, at distances disyhet = 0 and 0:3m,
the results show an enhanced and mixed 3D effect caused by
geological inhomogeneity and the uneven surface of the
ground. Starting from the distance between the inhomoge-
neity and the measuring line disyhet = 1m and the size of
the ground surface topography dyter = 2m in the Y-direc-
tion, the 3D effect weakens.

4.1.5. Distance between Measuring Electrodes. To understand
the influence of the distance between the measuring elec-
trodes on the results of 2D ERT inversion at 3D topographic
effects, different dxel (0.125m and 0.0625m) and Numel (24
and 48) parameters were set for the same length of the
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Figure 10: The influence of the inhomogeneity distance in the Y-
direction on the results of 2D inversion for a 3D medium with a
flat ground surface.
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survey line equal to 3m. The distance between the electrodes
was reduced by half: dxel = 0:0625m. A model of a homoge-
neous 3D medium with ground surface topography was con-
sidered. The topography slope angle was α = 30° and the
topography size is dyter = 1:2m (from -0.6 to 0.6) along the
y-axis. Figure 12 shows the influence of dxel magnitude on
the 3D topographic effect.

As the result shows, the reduction of the distance
between the measuring electrodes did not significantly affect
the 3D effect of the ground surface topography. The size of
the anomaly caused by the 3D topographic effect has become
slightly larger.

4.2. Discussion. 3D topographic effects caused by the ground
surface topography lead to significant artifacts in geoelectric
sections after performing a 2D inversion [39, 44]. Test 2D
models cannot always show possible errors and artifacts
when interpreting the results of 2D inversion, whereas the
geoelectric section and topography are 3D [30, 40, 41].
Bievre et al. studied the influence of 3D topographic effects

on the 2D section inversion measured along the crest of
the dam or on its average slope. The study was carried out
using static and temporary ERT surveys during repair work
on a small canal dam filled with earth in the center of
France. They noted that 3D topographic effects affect the
2D inversion results. Displacements and some damage zones
inside the dam may be related to the 3D distribution of resis-
tivity underground, which cannot be taken into account
using a 2D approach. Tresoldi et al. conducted tests on a
small-scale prototype of a dam on a canal in San Giacomo
delle Segnate, Mantua, northern Italy, to evaluate 3D effects
and the effect of buried electrodes on the 2D ERT data pro-
cessing results. The prototype of the dam represents a real
site in the university laboratory with different water levels
in the channel and different precipitations. They used a
direct modeling approach (FEM) to evaluate 3D effects and
the effect of buried electrodes in Res3Dmod software. Both
the results of our study and Tresoldi et al. proved that an
abnormal increase in resistivity values occurs due to the lim-
itations of 2D surveys and models under the assumption that
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Figure 11: The influence of the inhomogeneity distance in the Y-direction on the results of 2D inversion for a 3D medium with ground
surface topography (ρ1 < ρ2).
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the resistivity does not change in a perpendicular direction
to the ERT profiles. For verification, they used 2D analytical
calculations for a two-layer model of the ground and direct
modeling performed in the Res2dmod software. Yilmaz
and Coskun noticed that the results of 2D ERT inversion
performed in areas with significant elevation changes may
be erroneous, since the observed data on apparent resistivity
may be distorted by topography.

The results of the study by Yang et al. have shown that
2D and 3D resistivity studies in the same place give very
different images. The results of 2D ERT data inversion
are greatly distorted by the influence of the 3D effect.
Yin-Chun Hung et al. studied the influence of 3D effect
and boundary effect on 2D ERT. They used a direct numer-
ical simulation approach using FEM. They also studied the
parametric change in the resistivity ratio, the distance
between the electrodes, the depth of the pipeline insertion,
and the average size to assess the influence of the 3D effect
and the boundary effect on 2D ERT. However, their work
considered a model of a 3D medium with a flat surface. In
our work, to assess the 3D effect on the results of 2D inver-
sion, we studied such factors of the 3D model influence as
slope angle of the topography, the resistivity ratio of the inho-
mogeneity and the host medium, the average size of inhomo-
geneity and topography, the distance from the
inhomogeneity to the measuring line for the medium with
and without topography, and the distance between the elec-
trodes of the ERT array. Thus, many studies devoted to 3D
effects and 3D topographic effects consist in detecting and
confirming the presence and influence of the 3D effect in
the results of 2D ERT and 2D inversion. The results pre-

sented here also testify and confirm the influence of the 3D
effect and the 3D topographic effect. In contrast from Tre-
soldi et al. and Yin-Chun Hung et al., in this study, calcula-
tions were performed using direct modeling by IEM, which
is advantageous in saving computational resources and time.

Regarding the fact that the distortions of the vertical
electrical sounding (VES) curves are not very noticeable in
ridges and valleys with slope angles less than 20°, as Chan-
turishvili reported, can be seen in our study. However, it is
confirmed here that it also depends on the size of the topog-
raphy width dyter relative to the length of the survey line
(perpendicular to the y-axis). Figure 13 shows graphs of
apparent resistivity curves for different topography slope
angles (α = 10°, 20°, 25°, and 30°) along the x-axis at the
topography width dyter = 1:2m. The edge of the hill is
0.6m away from the survey line and is only about 1/5 of
the length of the survey line. In this case, there are more pro-
nounced artifacts in the 2D inversion results and this can
also be seen on the graph of the apparent resistivity curves
typical for a convex shape of the topography [27]. With an
increase in the topography slope angle (α = 30∘), the changes
in the apparent resistivity curve also increase.

Figure 14 shows graphs of apparent resistivity curves
to assess the influence of the resistivity contrast ratio of
the inhomogeneous medium with the 3D ground surface
topography in the results of 2D ERT data inversion. The
corresponding graphs of the apparent resistivity curves
show the relationship between changes in the resistivity
contrast ratio when ρ1 < ρ2 (n = 2, 4, 6, 8, and 10 ) and ρ1
> ρ2 (n = 0:5, 0:25, 0:17, 0:125, and 0:1).

In the case of ρ1 < ρ2 (Figures 14(a) and 14(b)), it can be
seen from the graphs of the apparent resistivity curves that
the 3D topographic effect has a stronger influence, as men-
tioned above. In almost all cases, the behavior of curves
inherent for the convex shape of the topography prevails.

In the case ρ1 > ρ2 (Figures 14(c) and 14(d)), it can be
seen from the graphs of the apparent resistivity curves that
the 3D topographic effect is present, but due to the low resis-
tivity of the inhomogeneity, it is possible to notice the pre-
dominance of the curve nature inherent in the medium
without topography and with inhomogeneity, the resistivity
of which is ρ2 = 10Ω ⋅m. The graphs of the curves in this
case also confirm the results of 2D inversion that the influ-
ence of the inhomogeneity shape under the topography
becomes clearer.

Figure 15 shows graphs of the apparent resistivity
curves of a medium with topography and heterogeneity
for the case with dyter = 1:2m, dyhet= 0.6m and dyter =
5:6m, and dyhet = 5:6m (n = 10), which show a greater
deviation of the apparent resistivity curves at the topogra-
phy width dyter = 1:2m. This indicates the predominance
of 3D topographic effect, which leads to serious artifacts
in the results of 2D inversion.

The graphs of the curves are compared in Figures 16
and 17.

In Figure 16, we can see a comparison of curves, which
also indicates the influence of the 3D topographic effect.
According to the graph for an inhomogeneous medium with
topography, it is noticeable how the behavior of the apparent
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resistivity curve is similar to the behavior of the curve for a
homogeneous medium with topography. This explains the
difficulty of detecting inhomogeneity under the topography
in this case.

In Figure 17, one can also note the influence of the 3D
topographic effect, and here, the nature of the curve of the

medium with topography and heterogeneity is closer to the
nature of the curve of the medium with topography and
without heterogeneity.

Thus, we investigated the influence of 3D topographic
effect of homogeneous and inhomogeneous media on the
results of 2D ERT data inversion. The corresponding results
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Figure 13: Graphs of apparent resistivity curves for different topography slope angle (at the topography width dyter = 1:2m).

0 0.5 1 1.5 2 2.5 3

Distance (m)

100

10

1Ap
pa

re
nt

 re
sis

tiv
ity

 (Ω
. m

)

n = 2
n = 4
n = 6

n = 8
n = 10

(a)

0 0.5 1 1.5 2 2.5 3

Distance (m)

100

10

1Ap
pa

re
nt

 re
sis

tiv
ity

 (Ω
. m

)

n = 2
n = 4
n = 6

n = 8
n = 10

(b)

0 0.5 1 1.5 2 2.5 3

Distance (m)

1000

10

100

1Ap
pa

re
nt

 re
sis

tiv
ity

 (Ω
. m

)

n = 0.5
n = 0.25
n = 0.17

n = 0.125
n = 0.1

(c)

0 0.5 1 1.5 2 2.5 3

Distance (m)

1000

10

100

1A
pp

ar
en

t r
es

ist
iv

ity
 (Ω

. m
)

n = 0.5
n = 0.25
n = 0.17

n = 0.125
n = 0.1

(d)

Figure 14: Graphs of apparent resistivity curves for the cases when (a) ρ1 < ρ2 and dyter = 1:2m, dyhet = 0:6m; (b) ρ1 < ρ2 and dyter = 5:6m,
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can be used in the future as a guide in the processing and
interpretation of 2D ERT data.

5. Conclusions

The conducted research leads to the following conclusions
and recommendations when testing and interpreting 2D
inversion profiles of ERT:

(1) As the width of the hill increases in the Y-direction
compared to the length of the survey line, the ampli-
tude of the inversion artifacts decreases. The size of
the artifacts is inversely proportional to the width
of the hill in the Y-direction. Due to the truncation
of the hill in the Y-direction, the 3D topographic
effect increases

(2) Artifacts increase with an increase in the topography
slope angle along the x - and y -axes at the same
width of the hill, because, with an increase in the
slope of the hill, the height of the hill also increases.
In our case, with an increase in the height and the
slope angle of the hill along the x-axis, the slope
angle along the y-axis increases, respectively

(3) The greater the contrast in resistivity between the
inhomogeneity and the medium with the ground
surface topography, the greater is the range of influ-
ence of the 3D effect. The 3D topographic effect pre-
vails in sections of 2D inversion

(4) The closer the edges of the inhomogeneity and topog-
raphy of the ground surface are to the measuring line

of the survey (perpendicularly), the stronger the arti-
facts caused by the 3D effect. 3D geology and topogra-
phy in the Y-direction, perpendicular to the survey
line, definitely affect the results of 2D inversion

(5) The 3D effect caused by inhomogeneity influences at
a distance up to a third of the length of the measur-
ing line (Lensur = 3m). The 3D effects, caused by
inhomogeneity and the 3D topographic effect, are
mixed and amplified

(6) Different distances between measuring electrodes
have shown that it is impractical to use the distance
between the electrodes as a parameter, normalizing
3D topographic effects

Displaying artifacts caused by different hill widths in the
Y-direction compared to the length of the survey line can be
useful when interpreting ERT data, since this allows to assess
by a topographic map whether changes will significantly
affect results.
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