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Abstract: In the past decade, the 2D electrical resistivity tomography (ERT) has been extensively
used in the investigation and monitoring of geotechnical engineering and environment engineering,
but there are many uncertainties hidden behind its vivid color earth-resistivity profiles. In order to
use the 2D ERT in the scale of geotechnical engineering effectively, the accuracy and spatial resolution
capability of measurements must be enhanced, or at least these uncertainties should be mastered
to avoid overreading the measurement results. There were seven common geological models built
in this study to discuss the variance in spatial analysis capability of 2D electrical resistivity profiles
under different geologic conditions. The findings show that the resolution capability of 2D electrical
resistivity profiles was influenced by depth, and in different strata, it may be influenced by the
resistivity ratio, layer depth, covering depth, interlayer thickness, tilt angle, medium size, and noise
intensity. Generally speaking, the relatively low resistance stratum had better resolution capability;
if the relatively high resistance stratum was located under the relatively low resistance stratum,
its resolution capability declined. In different strata, the resolution capability may be degraded under
the effect of different factors. In addition, any noise in the course of measurement resulted in a random
jump of the electrical resistivity profile, which worsened as the noise increased. These circumstances
should be paid special attention to avoid misrecognition of electrical resistivity profile images.

Keywords: electrical resistivity tomography; spatial resolution; non-destructive

1. Introduction

In recent years, urban disasters have happened constantly. People’s lives and properties have been
increasingly severely threatened. If the geological conditions of the base could provide accurate and
detailed information from the prevention perspective of urban disasters, disaster prevention would
achieve better results. The incidence of disasters should decline spontaneously.

The investigation of geotechnics aims at the geological conditions of the site. The accurate and
detailed information of stratum distribution and material parameters are much required for reference
in planning analysis, design, and construction. The more accurate and detailed the geotechnical
investigation is, the more suitable countermeasures and construction methods could be proposed in
the planning and design stages. It could let the construction period be shortened and expenditures
saved. The main traditional method of geotechnical investigation is drilling. However, drilling is
expensive and only obtains the information about that point. In addition, the drilling of large sites
sometimes fails to meet the planning needs of planners. So, geophysical detection is often used as an
assistance method [1,2].
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In the past, geophysical exploration was used in geotechnical investigation mostly for seismic
detection (refraction, reflection, and surface wave techniques). The elastic wave velocity of strata
is closely bound up with the material engineering characteristics [1-3], but the seismic detection is
likely to be influenced by ambient vibration noise. Moreover, the refraction seismic detection cannot
positively detect the low-velocity layer under the high-velocity layer, and the shallow layer (less than
50 m) reflection seismic detection is difficult to be implemented. The surface wave seismic detection
consists of mainly 1D and 2D probing techniques; the 3D detection method is still in the preliminary
research stage. Ground penetrating radar is a kind of electromagnetic method. The ground penetrating
radar is similar to reflection seismic detection, detecting the distribution of the bed boundary, and the
localization of depth and the depth of investigation are limited. If a bistatic antenna is used, it can
increase the detection depth capability [4-7]. Electrical resistivity tomography is a kind of electrical
method; the present electrical resistivity tomography technique has been able to explore 2D, even 3D
earth-resistivity distributions, and the depth of investigation can be adjusted flexibly by the length of
the measuring line, and the earth-resistivity is highly correlated with the geomaterial and groundwater
characteristics, so it has gradually become one of the main geophysical methods for geotechnical
investigation. This study discusses the spatial resolution of 2D ERT in geotechnical investigation.

In the past decade, 2D ERT exploration has been extensively used in geotechnical engineering
and environment engineering investigations and monitoring, such as geologic surveys [8-10], fault
surveys [11-17], slipping plane surveys and monitoring [18-23], groundwater investigations and
pollution monitoring [24,25], seawater intrusion investigations [26-29], dam leakage investigations
and monitoring [30-33], landfill leakage investigations and monitoring [34-38], and archaeological
surveys [39,40]. The 3D DC resistance method has been used by scholars [41-43], but it is difficult to be
implemented, and the site is often limited to the measurement space, so the 2D DC resistance method
is still the main method in engineering.

2D ERT has been extensively used in geotechnical engineering investigations, but there are many
uncertainties hidden behind the vivid color earth-resistivity profiles. In order to use the 2D ERT
in the scale of geotechnical engineering effectively, the accuracy and spatial resolution capability
of measurements must be enhanced, or at least these uncertainties should be mastered to avoid
overreading the measurement results. This study discusses the variance in 2D electrical resistivity
profiles and potential measurement problems; different geologic models were built to discuss the
variance in spatial resolution capability of 2D electrical resistivity profiles under different geologic
conditions. In addition, the 2D electrical resistivity measurement is often influenced by the boundary
effect and 3D effect, so the 2D electrical resistivity profile may be distorted [44]. This study built a
numerical model to discuss the results of the two effects.

Therefore, the purpose of this study was to discuss the possible effect of stratigraphic fluctuations
on a 2D electrical resistivity profile by numerical simulation and case analysis, and to propose
suggestions on interpretation so as to enhance the accuracy of result data interpretation to avoid
misrecognition and excessive interpretation.

2. Principle of 2D ERT

The ERT uses two current electrodes (C1, C2) and two potential electrodes (P1, P2) for measurement,
as shown in Figure 1. In Figure 1a, the low frequency AC is conducted from the current electrodes
to the stratum, in different geometric positions; the potential difference and current are measured by
using potential electrodes and current electrodes, and then the apparent resistivity is theoretically
calculated by electrostatics, expressed as Equation (1) [45]:
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where K is the geometric parameter of the electrode array, AV is the potential difference measured by
potential electrodes, I is the input current strength, R1 is equal to the distance between C1 and P1, R2 is
equal to the distance between C2 and P1, R3 is equal to the distance between C1 and P2, and R4 is equal
to the distance between C2 and P2. The apparent resistivity represents the resistivity measured by the
electrical resistivity method when the medium is homogeneous [45]. During the measurement in real
strata, the resistivity of the subject may be heterogeneous, and the resistivity measured by changing
the electrode spacing and location thus change. Therefore, if tens of electrodes are laid equidistantly
on the earth’s surface at first, the pseudo-section can be obtained by continuously changing the
spacing and horizontal movement of the aforesaid paired current electrodes and potential electrodes.
Figure 1b shows the pseudo-section measured by using a Wenner arrangement of electrodes [46].
Finally, the resistivity profile representing strata can be obtained by inverse computation analysis. The
inverse analysis generally uses the optimized method. The inverse calculation software first estimates
the initial value of the inverse calculation model by measuring the pseudo-section of the resistivity.
After the initial model of inverse calculation is given, the difference between the response values and
the measured data of the model is minimized by multiple operations. Thus, the result of this inverse
calculation is the resistivity profile of real strata.
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Figure 1. Method of 2D ERT: (a) Schematic diagram of the arrangement of current electrodes and
potential electrodes and (b) 2D ERT measurement method and pseudo-section.

3. Research Method

3.1. Analysis of Problems in ERT

The measurement results of ERT in geotechnical engineering investigations are often compared
with drilling well data. It could be preliminarily determined whether the image change of the
geo-resistance profile coincides with the stratigraphic change of the drilling well. However, the change
of resistivity would be affected by various factors including soil water content, geological structure,
groundwater level, and surrounding noise. The results of the measurement would affect the sensitivity



Appl. Sci. 2020, 10, 4394 40f26

and spatial analysis of the results of the ERT measurement. Therefore, the measurement still has
the problem of spatial analysis ability, especially for the identification of the layer position and the
interlayer thickness, the change of the inclined stratum, the detection of the underground target,
and the factors such as the limitation of the boundary conditions around the survey line and the 3D
effect. The interactive influence of various influencing factors would influence the accuracy of the
result’s interpretation.

The interpretation of ERT measurement results is often a significant challenge for engineers.
This study analyzed and explained the related problems commonly encountered in the interpretation
of resistivity profile as follows:

3.1.1. Problems in the Spatial Resolution Capability of the Resistivity Profile

Electrical resistivity images have been extensively used in geotechnical engineering investigations,
but the interpretation of images has not yet been discussed specifically. Due to stratal configuration
changes and environmental changes, the obtained resistivity profiles have different levels of
representativeness, resulting in difficult interpretations. How to enhance the interpretative capability
by discussing resolution capability?

3.1.2. Influence of the Boundary Effect

In terms of the boundary effect, the 2D ERT measurement is performed on a straight line of
finite length, but if there are topographical changes on two lateral boundaries of the measuring line,
e.g., ponds, valleys, or substructures like concrete structures or metal pipelines, the resistivity may
be mapped onto the 2D electrical resistivity profile, inducing detection errors, and influencing the
measurement result and interpretation accuracy.

3.1.3. Influence of the 3D Effect

The linear 2D electrical resistivity tomography assumes that the formation resistivity property is
homogeneous in the direction normal to the measuring line; when the stratum is not homogeneous
in the direction normal to the measuring line, as the current flows in a 3D direction, there may be
errors in the 2D electrical prospecting result. The distortion, which may be induced by this assumption,
is often neglected in the interpretation of measurement results. The 3D effect is the detection error
induced by mapping the resistivity of the geologic configuration outside the 2D electrical resistivity
profile (normal to the measuring line) onto the 2D electrical resistivity profile. In the course of inverse
computation, the result of convergence based on certain assumptions (e.g., 2D assumptions) may
mismatch onsite 3D conditions. In addition, the numerical model assumed in inverse computation
is assumed to execute operations on the mesh of finite space and volume, mismatching the field of
infinite space. Therefore, there are 3D and boundary effects on the 2D electrical resistivity profile.

3.2. Build Geological Models

In order to know the effect of stratigraphic fluctuation on the electrical resistivity profile, this study
planned several geological models for common strata to simulate the conditions of onsite strata, so as
to perform numerical simulation, and to discuss the resolution capability of different models. There
are seven kinds of geological models, such as the single horizontal layer stratum, horizontal interlayer
stratum, single vertical layer stratum, vertical interlayer stratum, composite stratum, tilted layer
stratum, and debris mixed stratum. This study used the analytical software Res2dmod [47] developed
by Geotomo for numerical simulation and used Res2dinv software [48] for inverse computation
analysis. The direct computation simulation used the finite element method to calculate the apparent
resistivity value of the built stratum model. The inverse computation analysis method used the optimal
least squares method (L2 norm) to calculate the final electrical resistivity profile chart of the model
because the L2 norm is more suitable for progressive strata.
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After several geological models were built, the differences in the electrical resistivity profile
chart were discussed according to parameter variation; correlated influencing parameters were taken
according to the characteristics of geological models from the resistivity ratio, layer depth, interlayer
thickness, tilt angle, medium size, and noise intensity for discussion. In this study, 96 electrode rods
were set; the spacing distance was d = 2 m, and the measurement line length was L = 190 m. Because
Wenner has higher sensitivity and a stronger signal strength for vertical resolution analysis, it is most
widely used in on-situ measurements. Therefore, Wenner was used as the simulation application
method in this study.

3.2.1. Single Horizontal Layer Stratum Model

The horizontal layer is the most familiar stratum. Figure 2 is the schematic diagram of the single
horizontal layer stratum model. This study discusses the effect of different resistivities, layer depths,
and noise intensities. The upper resistivity is R1, and the lower resistivity is R2. Different resistivities
were set up for comparison. There were eight groups of resistivity variation, which were (R1, R2) =
(R1 =50, R2 =500, 200, 150, 75) and (R1 = 500, 200, 150, 75, R2 = 50). The layer depth is h; the depths
were set as 10 m and 20 m. The noise interference generated by the ambient environment was set
up by Gaussian noise. The Gaussian noises were set as 0%, 2%, 4%, 6%, and 8%. Table 1 shows the
parameters of the single horizontal layer stratum model.

Y/{VVVVYVVVV

R1 h
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Figure 2. Schematic diagram of the single horizontal layer stratum model.

Table 1. Parameter table of the single horizontal layer stratum model.

Single Horizontal Layer Stratum Model

Impact Factors n R1 R2 h N
0.1 500
0.25 200
n<l —— 50 - 10 0
0.33 150
Resistivity ratio 0.66 75
(n=R1/R2) 10 500
4 200
n>1 50 10 0
3 150
15 75
n<l 0.25 50 200 L 0
Layer depth 20
(h)
n>1 4 200 50 710 0
20
Noise intensity n<l 0.25 50 200 10 0-8%
(N)

n>1 4 200 50 10 0-8%




Appl. Sci. 2020, 10, 4394 6 0f 26

3.2.2. Horizontal Interlayer Stratum Model

The horizontal interlayer stratum is usually an inhomogeneous stratum or a stratum with only
one layer. Figure 3 is the schematic diagram of the horizontal interlayer stratum model. The upper and
lower resistivity of the layer is R1, and the interlayer is R2; the effect of different resistivities, interlayer
center depths, interlayer thicknesses, and noise intensities are discussed. There were eight groups of
resistivity variation, which were (R1, R2) = (R1 = 50, R2 = 500, 200, 150, 75) and (R1 = 500, 200, 150,
75, R2 = 50). The interlayer center depth h was set as 10 m and 16 m for discussion. The interlayer
thickness t was set as 4 m and 8 m, and the noise interference generated by the ambient environment
was set up by Gaussian noise: the Gaussian noise was set as 0%, 2%, 4%, 6%, and 8%, respectively.
Table 2 shows the parameters of the horizontal interlayer stratum model.

V{VYVVVYVVV
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Figure 3. Schematic diagram of the horizontal interlayer stratum model.

Table 2. Parameter table of the horizontal interlayer stratum model.

Horizontal Interlayer Stratum Model

Impact Factors n R1 R2 h t N
0.1 500
0.25 200
n<l — 50 - 10 8 0
0.33 150
Resistivity ratio 0.66 75
4 200
n>1 50 10 8 0
150
15 75
n<l 0.25 50 200 710
Interlayer 20
8 0
center depth 10
(h) n>1 4 200 50 -
20
8
n<l 0.25 50 200
Interlayer thickness 10 4 0
® n>1 4 200 50 i
4
Noise intensity n<l 0.25 50 200 10 8 0-8%
M) n>1 4 200 50 10 8 0-8%

3.2.3. Single Vertical Layer Stratum Model

Besides the horizontal layer stratum, there is an approximately vertical layer stratum, so this
study built a single vertical layer stratum model for analysis, as shown in Figure 4. The right and
left resistivities of the layer were R1 and R2 for the results of different resistivities and different noise
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intensities. There were four groups of resistivity variation, which were (R1, R2) = (R1 = 50, R2 = 500,
200, 150, 75). The noise interference generated by the ambient environment was set up by Gaussian
noise. The Gaussian noise was set as 0%, 2%, 4%, 6%, and 8%, respectively. Table 3 shows the
parameters of the single vertical interlayer stratum mode.

LARLLGARRR

RS R1

Figure 4. Schematic diagram of the single vertical layer stratum model.

Table 3. Parameter table of the single vertical interlayer stratum model.

Single Vertical Layer Stratum Model

Impact Factors n R1 R2 Noise
0.1 500
Resistivity ratio 0.25 200
_ 50 0
(n=R1/R2) 033 150
0.66 75

Noise intensity

0.25 50 200 0-8%
W)

3.2.4. Vertical Interlayer Stratum Model

A vertical interlayer stratum model was built for analysis, as shown in Figure 5. The resistivity of
the right and left levels of stratum is R1, and the resistivity of the interlayer is R2; the results of different
resistivities, interlayer thicknesses, and noise intensities are discussed. There were eight groups of
resistivity variation, which were (R1, R2) = (R1 = 50, R2 = 500, 200, 150, 75) and (R1 = 500, 200, 150, 75,
R2 = 50). The interlayer thickness t was set as 10 m and 20 m. The noise interference generated by the
ambient environment was set up by Gaussian noise. The Gaussian noise was set as 0%, 2%, 4%, 6%,
and 8%, respectively. Table 4 shows the parameters of the vertical interlayer stratum model.

V/(vvx/yvy/vv

R1. R2 R1

t

Figure 5. Schematic diagram of the vertical interlayer stratum model.
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Table 4. Parameter table of the vertical interlayer stratum model.
Vertical Interlayer Stratum Model
Impact Factors n R1 R2 t Noise
0.1 500
0.25 200
n<l —— 50 10 0
0.33 150
Resistivity ratio 0.66 75
(n=R1/R2) 10 500
4 200
n>1 50 10 0
3 150
15 75
1
I n<l 0.25 50 200 70
nterlayer 20
thickness 0
® n>1 4 200 s0 0
20
Noise intensity n<l1 0.25 50 200 8 0-8%
™) n>1 4 200 50 8 0-8%

3.2.5. Composite Stratum Model

There are other materials in the strata, such as pipelines, water ditches, or underground pillboxes.
Therefore, this study built a composite stratum model for analysis, as shown in Figure 6. A square
homogeneous material was created in the stratum. The resistivity of this material is R2. The resistivity
of the background soil layer is R1. The results of different resistivities, different depths, and different
noise intensities are discussed. There were eight groups of resistivity variation, which were (R1, R2) =
(R1 =50, R2 = 500, 200, 150, 75) and (R1 = 500, 200, 150, 75, R2 = 50). The material center depth h was
set as 10 m and 20 m. The noise interference generated by the ambient environment was set up by
Gaussian noise. The Gaussian noise was set as 0%, 2%, 4%, 6%, and 8%, respectively. Table 5 shows
the parameters of the composite stratum model.

Figure 6. Schematic diagram of the composite stratum model.
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Table 5. Parameter table of the composite stratum model.

Composite Stratum Model

Impact Factors n R1 R2 h Noise
0.1 500
0.25 200
n<l1 - 50 [ 10 0
0.33 150
Resistivity ratio 0.66 75
(n=R1/R2) 10 500
4 200
n>1 50 10 0
3 150
1.5 75
10
. n<l1 0.25 50 200
Material center
20
depth 0
(h) n<i 4 200 50 10
20
Noise intensity n<l1 0.25 50 200 10 0-8%
(N) n>1 4 200 50 10 0-8%

3.2.6. Tilted Layer Stratum Model

The tilted layer is a common geological structure of faults. In order to know the electrical resistivity
profile resolution capability of tilted layers, this study built a tilted layer stratum model for analysis,
as shown in Figure 7. The resistivity of the upper soil layer is R1, and the resistivity of the lower soil
layer is R2; different resistivities, different tilt angles, and different noise intensities are discussed. The
layer depth of the model was h = 20 m. There were eight groups of resistivity variation, which were
(R1, R2) = (R1 = 50, R2 = 500, 200, 150, 75) and (R1 = 500, 200, 150, 75, R2 = 50). The tilt angle «
was set as 30° and 60°. The noise interference generated by the ambient environment was set up by
Gaussian noise. The Gaussian noise was set as 0%, 2%, 4%, 6%, and 8%, respectively. Table 6 shows
the parameters of the tilted layer stratum model.

Y/{YVV-Y'TY!/V'Y _
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Figure 7. Schematic diagram of the tilted layer stratum model.
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Table 6. Parameter table of the tilted layer stratum model.

Tilted Layer Stratum Model

Impact Factors n R1 R2 o4 Noise
0.1 500
0.25 200
n<1 - 50 - 60 0
0.33 150
Resistivity ratio 0.66 75
(n=R1/R2) 10 500
4 200
n>1 50 60 0
3 150
15 75
n<l1 0.25 50 200 60
Tilt angle 30
0
(o) 60
n>1 4 200 50
30
Noise intensity n<l1 0.25 50 200 60 0-8%
(N) n>1 4 200 50 60 0-8%

3.2.7. Debris Mixed Stratum Model

The colluvium and debris flow often have debris entrainment, so this study built a debris mixed
stratum model for analysis, as shown in Figure 8, so as to enhance the ability to interpret this kind of
stratum. As the debris mixed layer entrains a lot of stones, the model was configured with mosaic
mesh, so as to simulate the debris mixed stratum. The resistivity of the background soil layer is R1, and
the resistivity of the medium in the soil layer is R2. Different resistivities, covering depths, mesh sizes,
mesh spacings, and noise intensities are discussed. There were eight groups of resistivity variation,
which were (R1, R2) = (R1 = 50, R2 = 500, 200, 150, 75) and (R1 = 500, 200, 150, 75, R2 = 50). The
covering depth h was set as 0 m and 10 m. The mesh area was set as 2m X 2m and 4m x 4m. The mesh
spacing was set as 2 m and 4 m. The noise interference generated by the ambient environment was set
up by Gaussian noise. The Gaussian noise was set as 0%, 2%, 4%, 6%, and 8%, respectively. Table 7
shows the parameters of the debris mixed stratum model.

V{VYYYYYVVY
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Figure 8. Schematic diagram of the debris mixed stratum model.
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Table 7. Parameter table of the debris mixed stratum model.

Debris Mixed Stratum Model

Impact Factors n R1 R2 h A S Noise
0.1 500
0.25 200
n<l —— 50 - 0 2x2 2 0
0.33 150
Resistivity ratio 0.66 75
(n = R1/R2) 10 500
4 200
n>1 50 0 2x2 2 0
3 150
1.5 75
0
n<l1 0.25 50 200 @ — -
i 10
Covering depths 2% ) 0
(H) 0
n>1 4 200 50
10
n<1 0.25 50 200 0o X2 0
Mesh sizes 4x4
(A) 22 ?
n>1 4 200 50 0 I 0
4x4
i 1 2 2 2
Mesh ?g)acmgs n< 0.25 50 00 0 2% 0
n>1 4 200 50 4
Noise intensity n<l 0.25 50 200 0 2x2 2 0-8%
(N) n>1 4 200 50 0 2%2 2 0-8%

3.3. Discussion About the Boundary Effect

In order to know the boundary effect, which may be induced by stratigraphic fluctuations on
both sides of the measuring line, this study built a numerical model of stratigraphic fluctuation at the
measuring line boundary; the influence of the boundary effect on 2D electrical resistivity profiles is
discussed by numerical simulation according to the changes in the boundary medium. If the boundary
had a heterogeneous medium, the model with a boundary effect was compared with the model without
boundary effect to discuss the differences. Figure 9 is the schematic diagram of the boundary effect
model. This study discusses boundary effect distances. The background resistivity of the soil layer was
set as R1 in the model; the boundary medium resistivity was R2; the resistivity ratio was n = R2/R1,
(R1, R2) = (1000, 10); the section size of the medium was dyp X dzp, set as 2 m X 2 m; the depth of
burying dep was set as 2 m; the electrode spacing dx was set as 2 m; and the measuring line length was
L =50 m. As the dipole-dipole has better resolution capability for lateral variation, the measuring
line configuration was dipole—dipole in this study. Table 8 shows the parameters of the boundary
effect model.

Table 8. Parameter table of the boundary effect model.

Boundary Effect Model

Impact Factors n R1 R2 dx dep dyp dzp L
Influence distance 0.01 1000 10 2 2 2 2 50
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R1 L

V cGlectrod ©-- Richm-m 77 R2 ohm-m
Figure 9. Schematic diagram of the boundary effect model.
3.4. 3D Effect Analysis

When the measuring line measurement violates the assumption of the 2D electrical resistivity
method that the formation resistivity property is homogeneous in the direction normal to the
measuring line, the 3D effect is generated, influencing the measurement result. As the electrical
resistivity measurement is the current field solving in 3D space, this study used the universal finite
element analysis software COMSOL 4.2a-AC/DC module to build a 3D direct computation model
(COMSOL group, 2011). This study assumed that the strata had pipelines, and the measuring line
distance was changed to discuss the interaction. Figure 10 is the schematic diagram of the 3D effect
model. The pipeline resistivity was set as R2 in the model, and the soil layer resistivity was R1; if the
resistivity ratio was n = R2/R1, (R1, R2) = (1000, 100), the section size of pipeline was dyp X dzp, set
as 1.5 m X 2 m, and the depth of burying dep was set as 2 m. There were 5 to 6 measuring lines laid
in parallel with the pipeline. The distance dy between measuring lines was set as 3 m, the electrode
spacing dx was set as 3 m, and the measuring line length was L = 42m. As the dipole-dipole has better
resolution capability for lateral variation, the measuring line configuration was dipole-dipole in this
study. Table 9 shows the parameters of the 3D effect model.

v @ Electrod |..]Rlohm-m 777 R2 ohm-m

Figure 10. Schematic diagram of the 3D effect model.

Table 9. Parameter table of the 3D effect model.

3D Effect Model

Impact Factors n R1 R2 dx dep dyp dzp L
Influence distance 1000 100 3 3 2 1.5 2 42
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4. Results and Discussion

4.1. Single Horizontal Layer Stratum Model

The results of Single Horizontal Layer Stratum as shown in Figure 11. The single horizontal
layer stratum usually had better resolution capability when the low resistance was in the upper layer
or lower layer because the current flowed in the lower resistivity layer, leading to higher resolution
capability. If the high resistance was in the upper layer, the resolution capability was good. However,
when the high resistance was in the lower layer, the resolution capability began to decline under the
effect of low resistance in the upper layer. Different resistivities of upper and lower layers resulted in
gradation zones nearby the layer; the main gradation zone was in the lower layer, and the difference
value of the gradation zone increased with the difference between R1 and R2, as shown in Figure 11a.
The larger the layer depth was, the lower was the resolution capability, as shown in Figure 11b. There
was noise interference in the course of measurement; the resistivity profile had a random jump. The
jump worsened as the noise increased, as shown in Figure 11c.
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Figure 11. Results of Single Horizontal Layer Stratum: (a) different resistivities, (b) layers at different
heights, and (c) different noises.

4.2. Horizontal Interlayer Stratum Model

The results of Horizontal Interlayer Stratum as shown in Figure 12. In the horizontal interlayer
stratum, when the low resistance region was in the upper and lower layers or interlayer, the resistivity
equivalent to the set value could be obtained, but when the high resistance was in the lower layer of
the interlayer, the resistivity decreased under the effect of the low resistance interlayer, and it was
difficult to interpret the layer. Whatever the n value was, there was a gradation zone nearby the layer.
When the R1 was close to the R2 value, the interlayer was replaced by the gradation zone gradually,
and the thickness decreased gradually, as shown in Figure 12a. The larger the interlayer center depth
was, the worse was the resolution capability, and the identification even failed, as shown in Figure 12b.
If the interlayer thickness became half of the original value (4 m), the detected thickness was larger than
4 m, and the resistivity of the interlayer was different from the set value, as shown in Figure 12c. When
there was noise interference in the detection process, the resistivity profile had a random jump, the
interlayer became nonlaminar, and the jump worsened as the noise increased, as shown in Figure 12d.
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4.3. Single Vertical Layer Stratum Model

The results of Single Vertical Layer Stratum as shown in Figure 13. There was a large gradation
zone in the single vertical layer stratum, and it was difficult to clarify the vertical layer; the vertical
layer could be identified clearly within 8 M. As the R1 became closer to the R2 value, the gradation
zone widened gradually, but the range outside the gradation zone was identical with the set value,
as shown in Figure 13a. When there was noise interference in the detection process, the resistivity
profile had a random jump. The random jump worsened as the noise increased, and the resistivity of
the left and right layers was different from the set value, as shown in Figure 13b.
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Figure 13. Results of the single vertical layer stratum: (a) different resistivities and (b) differen noises.
4.4. Vertical Interlayer Stratum Model

The results of Vertical Interlayer Stratum as shown in Figure 14. In the vertical interlayer stratum,
there were gradation zones under the interlayer. When the interlayer was a relatively high resistance
region, the deeper interlayer could be identified clearly. The closer the R1 was to the R2 value, the lower
the identifiable depth of the interlayer, as shown in Figure 14a. When the interlayer was a relatively
high resistance region, the identifiable depth increased with interlayer thickness. However, when
the interlayer was a relatively low resistance region, the identifiable depth remained constant as the
interlayer thickness increased, and the interlayer and the region outside the interlayer had jumping
phenomena, as shown in Figure 14b. When there was noise interference in the detection process,
the resistivity profile had a random jump; the random jump worsened as the noise increased, but the
identifiable depth of the interlayer was free from the effect of noise, as shown in Figure 14c.
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Figure 14. Results of the vertical interlayer stratum: (a) different resistivities, (b) different interlayer

thicknesses, and (c) different noises.

4.5. Composite Stratum Model

17 of 26

The results of Composite Stratum as shown in Figure 15. If there was a single material in the
stratum, the material in the stratum, no matter if it had high or low resistance, could be identified
clearly, but the identifiable depth of the material was influenced by the resistivity ratio. In the case
of relatively high resistance material, the closer the R1 was to the R2 value, the material was lower
than the set value. In the case of relatively low resistance material, the closer the R1 was to the R2
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value, the detected area of the material was larger than the set value, as shown in Figure 15a. When the
material center position descended, as the gradation zone expanded the material was still identifiable,
but obscure, as shown in Figure 15b. When there was noise interference in the detection process,
the resistivity profile had a random jump; the random jump worsened as the noise increased, and the
area of material varied with the noise intensity, as shown in Figure 15c.
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Figure 15. Results of composite stratum: (a) different resistivities, (b) different material center depths,
and (c) different noises.
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4.6. Tilted Layer Stratum Model

The results of Tilted Layer Stratum as shown in Figure 16. In the tilted layer stratum, when the
upper layer had relatively low resistance, the tilted layer was unlikely to be identified. When the upper
layer had relatively high resistance, the larger the difference between R1 and R2, the more obvious
was the tilted layer, as shown in Figure 16a. When the tilt angle decreased, the tilted layer was more
identifiable. However, when the upper layer had relatively low resistance, the deeper part was less
likely to be identified, as shown in Figure 16b. When there was noise interference in the measurement
process, the profile had jumping phenomena. When the upper layer had relatively low resistance,
the tilted layer almost turned into a vertical layer as the noise increased, as shown in Figure 16c¢.

Iteration 3 RMS error = 0.76 %
S 0 320

n=0.1=50/500

Inverse Model Resistivity Section
OO E--.

[ [ [ [ ..
41.0 593 858 124 180 260 377 546
Resistivity in ohm.m Unit electrode spacing 2.00 m.
peptn _ Iteration 3 RMS error = 0.87 %
0.0 32.0 64.0 128 160 m.

0.500
537
10.5
148
200

262

n=10 —10=
3 Inverse Model Resistivity Section n=10=500/50
o | i | =] ] 10 [ ) o ..
389 4.1 629 89.7 128 183 260 37
Resistivity in ohm.m Unit electrode spacing 2.00 m.
@
Deptn _Iteration 3 RMS error = 0.90 %
1 32.0 64.0 96.0 128 160 m,

0.500 [ iaiaimtt et

537
105

148
— 60°
a=60 20.0
262
, n=4=200/50
Inverse Model Resistivity Section
o | o v = [ [ ) ..
370 459 57.0 70.7 817 109 135 168
Resistivity in ohm.m Unit electrode spacing 2.00 m.

64.0

- 9,
Depth O.é‘emwn 3 RMS %’{%’ 135 %
0.500
537
10.5
148
20.0

a=30°

1o o ) _ n=4=200/50
Inverse Model Resistivity Section
O 0 () ) ) ] e
20.5 28.7 402 56.3 79.0 1m 155 217
Resistivity in ohm.m Unit electrode spacing 2.00 m.
Depn_ Iteration 3 RMS error = 0.73 %
10 32.0 64.0 128 160 m.
0.500
537
10.5
148
. 200
=9
noise = 0% 202
39 PP .
TInverse Model Resistivity Section
CICO 0 D) [ (0 [ .-
37.0 459 57.0 70.7 87.7 109 135 168
Resistivity in ohm.m Unit electrode spacing 2.00 m
pepth _ Iteration 3 RMS error = 7.90 %
0.0 32.0 64.0 . 128 160 ~
0.500
537
10.5 .
14.8
20.0
3 - 0,
noise = 8% 22
339 PR .
Inverse Model Resistivity Section
o o o s | v [ ] [ [ [ .
337 435 56.: 725 93.6 121 156 282
Resistivity in ohm.m Unit electrode spacing 2.00 m.

(©

Figure 16. Results of Tilted Layer Stratum: (a) different resistivities, (b) different tilt angles,
and (c) different noises.
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4.7. Debris Mixed Stratum Model

The results of Debris Mixed Stratum as shown in Figure 17. If there were multiple materials in
the stratum, such as debris mixed stratum, the materials of Layer 1 could be identified clearly. The
materials after Layer 2 were fuzzified and presented in zones. When the medium had relatively high
resistance, the resistivity of the first layer of the medium was lower than the set value, and the resistivity
decreased as the difference between the R1 and R2 values increased. When the background soil layer
had relatively high resistance, the profile variation was more obvious as the difference between the
R1 and R2 values increased, as shown in Figure 17a. When the covering depth increased, the deep
medium was completely unidentifiable, as shown in Figure 17b. When the mesh area was enlarged,
the resolution capability of the first layer of the medium was better, but the medium after Layer 1 was
unidentifiable, as shown in Figure 17c. When the mesh spacing increased, the resolution capability of
the first layer of the medium was better, but the medium after Layer 1 was unidentifiable, as shown in
Figure 17d. When there was noise interference in the detection process, the resistivity profile had a
random jump; the random jump worsened as the noise increased. The first layer of the medium was
still identifiable, but the profile of the medium after Layer 1 was distorted, as shown in Figure 17e.

4.8. Influential Distances of the Boundary Effect

In order to know the range of influence of the boundary effect, the data of pipeline boundary
distances of 0, 2, 4, 6, 8, and 10 m were deleted for inverse computation, and the model changed at the
different distances observed; the results are shown in Figure 18. The resistivity profile charts within 6 m
from the boundary medium had significantly abnormal electrical resistivity regions, and the boundary
effect was apparent; when the distance to the boundary medium was 8 m, the boundary effect had
little influence.

4.9. Influential Distances of the 3D Effect

In order to know the range of influence of the 3D effect, this study laid measuring lines L1-L5,
which were 1.5, 0, 3, 6, and 9 m away from the pipeline boundary, respectively. The model changed
at the different distances observed; the results are shown in Figure 19. The L1 and L3 profiles had
an apparent 3D effect. The 3D effect was unclear gradually in the L4 measuring line profile. The 3D
effect disappeared in the L5 measuring line profile. Therefore, the influential distance of the 3D effect
was about 6m; the mapping phenomenon after 6 m weakened gradually. This result is similar to the
influential distance of the boundary effect.
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Figure 17. Results of debris mixed stratum: (a) different resistivities, (b) different covering depths,
(c) different mesh sizes, (d) different mesh spacings, and (e) different noises.
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5. Conclusions and Suggestions

5.1. Conclusions

The electrical resistivity profile varies with strata, so this study built seven common geological
models, including the single horizontal layer stratum, horizontal interlayer stratum, single vertical
layer stratum, vertical interlayer stratum, composite stratum, tilted layer stratum, and debris mixed
stratum, and used a Wenner array to arrange the electrodes. The findings show that besides the
depth, the resolution capability of 2D electrical resistivity profiles may be influenced by the resistivity
ratio, layer depth, covering depth, interlayer thickness, tilt angle, medium size, and noise intensity
in different strata. In a single horizontal stratum, as the current flowed in the lower resistivity layer,
the relatively low resistance stratum usually had good resolution capability, whereas the relatively
high resistance stratum was influenced by the relatively low resistance stratum; if it was in the lower
layer of relatively low resistance, the resolution capability began to decline. In the horizontal interlayer
stratum, the resistivity of relatively low resistance stratum was close to the set value. However, if the
relatively high resistance stratum was in the interlayer and lower layer, under the effect of relatively low
resistance stratum, the resistivity was lower than the set value, and it was difficult to identify the layer.
In the tilted layer, the tilted layer was more obvious when the tilt angle decreased. However, when the
relatively low resistance was in the upper layer, the tilted layer was blurred. On the contrary, when the
relatively high resistance was in the upper layer, the tilted layer could be identified clearly. If there was
homogeneous material in the strata, no matter whether the material in the strata had relatively high
or low resistance, it could be identified, but the material identification depth was influenced by the
resistivity ratio. If there were multiple materials in the strata, e.g., debris mixed stratum, the material of
Layer 1 could be identified clearly, but the material after Layer 2 was influenced by the resistivity of the
background soil layer, fuzzified and displayed in zones on the profile. If there was noise interference
in the course of measurement, the resistivity profile had a random jump, and the jump worsened as
the noise increased. The boundary effect and 3D effect had similar influential distances, which were
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6-8 m. The above situation should be paid special attention to when interpreting electrical resistivity
profile images so as to avoid misrecognition.

5.2. Suggestions

1. Inthe measurements on field test sites, the results of this study can enhance researchers’ ability to
interpret electrical resistivity profiles, but the field data of hydraulics, geology, and drilling of the
site are still required, so as to evaluate the practical situation of the strata of the site accurately.

2. According to the findings, the external factors can degrade the resolution capability of ERT.
In order to provide correct electrical resistivity profiles, the inverse computation method can be
discussed in the future to enhance the resolution capability.

3. Itissuggested to build a standard geophysical exploration test field in the future, so as to compare
and check different investigation and test methods.

4.  The strata are usually heterogeneous, so it is often found in field measurements that when the
strata are not homogeneous in the direction normal to the measuring line, there is a 3D effect.
The topographical changes should be paid attention to during in-situ measurements.

5. When laying the ground resistance measuring line, the changes in the landforms and reliefs on
both sides should be evaded to avoid the boundary effect.
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