
TYPE Original Research
PUBLISHED 12 February 2025
DOI 10.3389/feart.2025.1499748

OPEN ACCESS

EDITED BY

Weichao Yan,
Ocean University of China, China

REVIEWED BY

Huachuan Wang,
University of Strathclyde, United Kingdom
Jiaqi Xu,
Harbin Institute of Technology, China

*CORRESPONDENCE

Zhuwen Wang,
wangzw@jlu.edu.cn

RECEIVED 21 September 2024
ACCEPTED 02 January 2025
PUBLISHED 12 February 2025

CITATION

Qi X, Wang S, Wei Y and Wang Z (2025)
Numerical simulation study on coal seam
response characteristics of shallow
three-electrode laterolog.
Front. Earth Sci. 13:1499748.
doi: 10.3389/feart.2025.1499748

COPYRIGHT

© 2025 Qi, Wang, Wei and Wang. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Numerical simulation study on
coal seam response
characteristics of shallow
three-electrode laterolog

Xinghua Qi1,2, Shimao Wang2, Yuxuan Wei2 and Zhuwen Wang1*
1College of Geo-Exploration Science and Technology, Jilin University, Changchun, China, 2School of
Mining Engineering and Geology, Xinjiang Institute of Engineering, Urumqi, China

Shallow three-electrode laterolog is widely used in the field of coal field
logging because of its strong economy. Coal seams in Xinjiang region have
the characteristics of large thickness variation, high dip angle, easy diameter
enlargement and fracture development, but the law of these characteristics
in the three-electrode laterolog curve is not clear. In this paper, through the
finite element simulation software COMSOLMultiphysics, 2D and 3Dmodels are
constructed based on shallow three-electrode laterolog, and the characteristics
of using shallow three-electrode laterolog in coal field logging are studied. The
results show that the electrode system coefficient of shallow three-electrode
laterolog instrument should be 0.94 times of the theoretical electrode system
coefficient. The discrimination ability of shallow three-electrode laterolog to
coal seams is about 0.3 m. There is a power function relationship between the
determination coefficient of coal seam boundary and the ratio of coal seam-
surrounding rock resistivity ratio. An increase in the dip angle of the coal seam
leads to an increase in the apparent thickness of the coal seam following a
quadratic function relationship, while an increase in the wellbore radius results
in a quadratic function decrease in the apparent resistivity of the coal seam. An
increase in both the width and length of the fractures leads to a decrease in
apparent resistivity following a power function relationship. The research results
provide a more accurate reference standard for the analysis and evaluation of
coal seams using shallow three-electrode laterolog.

KEYWORDS

shallow three-electrode laterolog, numerical simulation, fractured coal seam,
stratification and thickness determination, boundary of coal seam, wellbore
enlargement

1 Introduction

Laterolog was developed in the 1950s in order to reduce the diversion effect of
drilling fluid and the influence of low-resistance surrounding rock during logging,
so as to obtain more accurate apparent resistivity curves (Doll, 1951). The laterolog
enhances the longitudinal resolution of the main electrode through the transverse
shielding and longitudinal extension of the current, thereby improving the accuracy of the
stratification and thickness determination of the reservoir. The technique is widely used
in saltwater drilling fluid Wells, high-resistance thin layer zones, and carbonate zones.
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Three-electrode laterolog is a kind of laterolog, which is widely
used in coal exploration because of its advantages of economic
benefits, simple structure, convenient use and low maintenance
cost. Tang (1985), Huang (2010), and Xu (1988) applied the
three-electrode laterolog to the actual quantitative interpretation
of coal quality, stratification and thickness determination and
mud intrusion analysis, and achieved remarkable results. In
addition, Chen et al. (2013) designed a new three-electrode laterolog
instrument STM32 for the acquisition of different probe signals.
However, three-electrode laterolog failed to achieve the expected
results in some coal fields in Xinjiang.

Coal seams in Xinjiang have the geological characteristics
of large dip angle and large thickness variation. In addition,
there are obvious differences in fracture propagation and
fracture morphology between the coal seam and other areas
(Lan, 2024; Lu et al., 2021). At the same time, the coal seams in
Xinjiang also show the characteristics of large thickness variation,
widespread distribution of fractured reservoirs and obvious drilling
enlargement. Due to these factors, the corresponding relationship
between the three-electrode laterolog response characteristics and
the coal seam spatial characteristics and electrical characteristics is
not clear, so it is urgent to carry out relevant research.

The corresponding laws and characteristics of laterolog
instruments can be studied by forward modeling. Many researchers
use forward modeling to study the control factors and build
correction charts or conduct studies of complex reservoirs. In the
research field of dual laterolog, Zhang et al. (2002), Fan and Lu
(2005), and Deng et al. (2009) used the forward model to study the
response characteristics of double dual laterolog of layer thickness,
surrounding rock and well, and established the corresponding map;
Zhang et al. (2014), Ge et al. (2019), Wu et al. (2022), and Hu et al.
(2019) studied the logging response characteristics of fractured
reservoirs in different fracture spatial locations, geometric shapes
and fluid conductivity based on the forward model, and established
the relationship between fracture parameters and dual laterolog
response; Liu et al. (2012a), Liu et al. (2012b), Deng et al. (2012),
and Pan et al. (2022) constructed dual laterolog forward models
for unconventional reservoirs such as carbonate reservoirs, sand-
mudstone interbeds, fracture-cavity reservoirs, and dissolved vuggy
fractured reservoirs to study the controlling factors of their logging
responses; Mohammed et al. (2021), Shalaby and Islam (2017),
and Wiersberg et al. (2020), and others, utilized logging data that
includes Dual Laterolog (DLL), QLGA data, and seismic data to
determine the characteristics of oil and gas reservoir profiles, assess
gas flow and the development of fractures, thereby guiding the
interpretation and development of oil and gas reservoirs; Saboorian-
Jooybari et al. (2016), Xue et al. (2022), and Wang et al. (2023) used
measured data and a dual laterolog forward model for fracture
identification and evaluation. In the research field of array laterolog,
Feng et al. (2018) and Ni et al. (2018) studied the apparent resistivity
characteristics of well inclination, layer thickness, surrounding
rock and eccentricity distance based on the forward model of
directional and horizontal Wells, and established the corresponding
layer thick-surrounding rock correction charts and surrounding
rock correction charts; Liang et al. (2021) established wellbore
correction charts and surrounding rock correction charts through
forward modeling to compare measured data and analyze the
performance of logging instruments; Wu et al. (2008) and Pan et al.

(2013) studied the controlling factors of logging curves based on
Robin boundary conditions and different measurement modes,
and Hu et al. (2019) realized fast inversion of logging data by
adding Windows; Sushant et al. (2017) established a 3D model
with vertical fractures to explain the unusual curve separation
issues in array lateral logging in shale gas reservoirs; Ni et al.
(2017) and Si et al. (2020) studied the log response characteristics
of complex reservoirs using the mud intrusion anisotropy model
and the fractured reservoir model of horizontal Wells. At the same
time, Huo and Li (1990) and Szijártó et al. (2017) utilized the finite
element method to establish a shallow three-electrode laterolog
model, investigating the impact of various geometric and electrical
parameters on the lateral curves. However, the conditions were
complex, not systematic, and no specific functional patterns were
derived (Huo and Li, 1990; Szijártó et al., 2017).

Therefore, this paper uses the finite element software COMSOL
Multiphysics to establish the shallow three-electrode laterolog
model of coal seam, and systematically studies the influence of coal
seam thickness, coal seam-surrounding rock resistivity ratio, coal
seam dip angle, coal seam wellbore enlargement and coal seam
fracture on the apparent resistivity curve. The purpose of this paper
is to provide a useful reference for coal seam identification and
evaluation of shallow three-electrode laterolog in coal field.

2 Technical road

This study is based on the principles of shallow three-electrode
laterolog and finite element theory, utilizing COMSOLMultiphysics
software to establish a constant voltage shallow three-electrode
laterolog model, in order to investigate the response characteristics
of shallow three-electrode laterolog in coal seams. Under the
premise of identical parameters, the study compares the differences
in apparent resistivity curves between 2D and 3D models, ensuring
the consistency of forward modeling results. Analyzing the ratio
of apparent resistivity to true resistivity obtained from empirical
formulas in an ideal state, the study corrects the electrode system
coefficients to enhance the accuracy of the results. Subsequently,
by altering parameters such as coal seam thickness, coal seam-
surrounding rock resistivity ratio, coal seam wellbore enlargement
and coal seam fracture in the 2D model, and coal seam dip angle in
the 3D model, the study analyzes the characteristics of the apparent
resistivity curves and summarizes the response patterns.

3 Principle of three-electrode
laterolog

Shallow three-electrode laterolog (LL3), namely, three-electrode
laterolog, can be divided into shallow three-electrode laterolog and
deep three-electrode laterolog according to the different lateral
exploration depth (in order to avoid occupying the paper’s space,
this paper only takes shallow three-electrode laterolog as an example
to study its response characteristics). The electrode system of
shallow three-electrode laterolog consists of five cylindrical metal
electrodes, in which the main electrode (A0) is located in the
middle, and a shield electrode (A1, A2) and a loop electrode (B1,
B2) are symmetrically arranged on both sides.The electrode spacing
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FIGURE 1
Technology roadmap.

FIGURE 2
Shallow three-electrode laterolog parameters.

between the main electrode and the shield electrode (L1) and
the shield electrode and the loop electrode (L2) are respectively.
As shown in Figure 2.

In the logging process, the main electrode and the shielding
electrode are passedwith the samepolarity of current I0 and Is, and I0
is kept constant.Themethod of automatic control of Is is adopted to
make the potential on the main electrode (A0) and the two shielding
electrodes (A1 and A2) tend to be equal, and the potential gradient
along the electrode or the shaft is zero (∂U⁄∂z = 0). Thus, it is
ensured that the current flowing from the main electrode does not
flow along the well axis. The main current I0 is roughly squeezed
into a disc-shaped laminar flow. The thickness of this disk layer, or

main current layer, is approximately equal to the length of the main
electrode plus half the distance between themain electrode and each
shield electrode, and it remains essentially constant for a certain
radial distance. This characteristic of the main current layer makes
the shallow three-electrode laterolog curve have high longitudinal
stratification ability.

The apparent resistivity Ra can be expressed as follows:

Ra = K
U
I0

(1)

Where: Ra is the apparent resistivity in Ω·m; U is the surface
potential of the electrode in V; I0 represents the main current
intensity in A.

According to the empirical formula, the coefficient K of
electrode system in shallow three-electrode laterolog can be
approximated as follows:

K =
2πA0

lg 2(A0+A1+L1)
r0

(2)

Where, K is the coefficient of shallow three-electrode laterolog
electrode system; A0 is the length of the main electrode; A1
represents the length of the shielding electrode 1, and it is equal
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in length to the shielding electrode 2 (i.e., A2), L1 is the distance
between the upper and lower shielding electrodes and the main
electrode, and r0 is the radius of the electrode. Their units are all
meters (m).

4 Three-electrode laterolog finite
element modeling

4.1 Basic theory of electric field simulation

Numerical simulation is a basic and economic research means.
In this paper, COMSOLMultiphysics numerical simulation software
is used to construct a shallow three-electrode laterolog model to
explore the corresponding characteristics of coal seam shallow
three-electrode laterolog under different conditions.

When constructing the model, the current module in COMSOL
Multiphysics software is used, and the physical field related law is
mainly reflected in the Gaussian electric field law. Its expression is:

−∇ ⋅V = E (3)

∇ ⋅D = ρV (4)

The linear relationship between the current density Jc and the
electric field E is as follows:

Jc = σ ⋅E (5)

In electrical conductors, the current density is proportional
to the electric field strength, and the proportionality factor is the
conductivity σ.

Where: U is voltage, unit is V; E is the electric field strength
in V/m; D is the electric displacement vector, also known as the
electric flux density, in C/m2. ρv is the charge density in C/m3; Jc
is the conductive current density vector in A/m2; σ is the conductive
capacity of the material in S/m.

4.2 Model and parameter setting

Considering that the calculation time of 2D model is short, and
only 3D model can effectively study the characteristics of inclined
strata, this paper constructs 2D model and 3D model at the same
time. The 2D model is used to study the response characteristics of
coal seam thickness, coal seam-surrounding rock resistivity ratio,
coal seam wellbore enlargement and coal seam fracture, and the
3D model is used to study the response characteristics of coal seam
dip angle. To save computing resources and time cost, the model
is shown in Figure 3.

In Figure 3, both the 2D and 3D models are composed of
simulated strata and electrode systems. The 2D model is 2 m wide
and 15 m high, and the 3D model has a radius of 2 m and 15 m
high. Second, the lithology of the 2D and 3D models are the same,
the middle is coal seam, the upper surrounding rock is sandstone,
and the lower surrounding rock is limestone. The electrodes were
attached to the leftwellbore of the 2Dmodel and themiddlewellbore
of the 3D model. Parametric scanning was performed from 2.5 m

to 12.5 m for the 2D model and from −2.5 m to 7.5 m for the 3D
model, and the apparent resistivity of a point was measured at an
interval of 0.125 m.

The measurement method of the model is constant voltage
shallow three-electrode laterolog, and the lithology of the formation
is sandstone-coal-limestone interbed.The specificmodel parameters
are shown in Table 1.

5 Model comparison and correction

5.1 Model comparison of 2D and 3D
models

In theory, the difference between 2D and 3D models is solely
due to the dimensions, which affect the computation time and the
precision of the results. Under the same conditions, both models
should yield roughly the same outcomes. Based on this, this section
conducts a consistency test of the models to demonstrate the
consistency between the 2D and 3D models, as shown in Figure 4.

FromFigure 4, it can be observed that between 2.5 m and 12.5 m
of the parametric scan, the apparent resistivity curve distinctly
reflects the electrical property differences of different geological
bodies and the changes at their boundaries. The coal seam, located
between 5 m and 10 m, exhibits an apparent resistivity that is
higher in the middle and lower on both sides; moreover, the
boundary areas where the upper surrounding rock (limestone) and
the lower surrounding rock (sandstone) approach the coal seam
also show symmetrical resistivity fluctuation characteristics. Due
to the homogeneous model constructed in this paper, there is a
significant resistivity difference at the coal-rock boundary, and the
resistivity does not transition gradually, hence minor fluctuations,
known as boundary effects, appear at the boundary. Notably, due to
the different levels of mesh discretization in the 2D and 3D models,
the apparent resistivity curves exhibit variations in fluctuation and
smoothness outside the boundaries (2.5–4 m, 6–9 m, 11–12.5 m).
This has a minor impact on the study of the response characteristics
of shallow three-electrode laterolog and can be neglected.

Based on this, the computational results from the 2D and
3D models do not differ significantly, thus allowing for the
separate execution of both models to perform the corresponding
calculations.

5.2 Electrode system coefficient correction

In order to calculate the apparent resistivity more accurately, the
coefficient of the electrode system is corrected. Because Equation 2
is a simplified calculation of the electrode system coefficient, the
obtained electrode system coefficient is the theoretical electrode
system coefficient, which will lead to a certain error between the
measured apparent resistivity and the true resistivity. Since the
voltage and current are not changed in the model, the difference of
apparent resistivity is caused by the difference of electrode system
coefficients.

When the external environment is completely consistent (i.e.,
the resistivity of wellbore water, sandstone, coal seam, and limestone
are all 1,000 Ω·m), the apparent resistivity should be infinitely close
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FIGURE 3
2D model and 3D model diagram.

TABLE 1 Parameters of the model.

Parameter Numerical value Description

H0 15 m Formation height (coal seam, sandstone and limestone 5 m each)

L0 2 m Formation width

ρs 100 Ω·m Sandstone resistivity

ρc 1,000 Ω·m Coal seam resistivity

ρl 10 Ω·m Limestone resistivity

r0 0.1 m Wellbore radius

r1 0.0 5 m Electrode radius

A0 0.15 m Main electrode length

A1, A2 0.2 m Length of upper and lower shielding electrodes

B1, B2 1.1 m Upper and lower loop electrode lengths

L1 0.025 m Distance between the upper and lower main electrodes and the shielding electrode

L2 0.2 m Distance between upper and lower main electrode and loop electrode

U 10 V On-load voltage
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FIGURE 4
Comparison of apparent resistivity curves of 2D and 3D model Stratum.

FIGURE 5
Comparison of theoretical and actual resistivity.

to the true resistivity, and the corresponding error can be analyzed
by comparing the theoretical resistivity with the actual resistivity,
as shown in Figure 5.

Figure 5 shows that the theoretical electrode system coefficient
calculated according to Formula 2 is 1.0637,469 times that of
the actual electrode system coefficient. This means that in the
actual logging process, the measured apparent resistivity should be

multiplied by the inverse of 1.0637,469, that is, about 0.94, so that
the measured apparent resistivity is closer to the true resistivity.

6 Simulation results

6.1 Coal seam thickness

The change of coal seam thickness can be reflected in the
apparent resistivity curve, so it is necessary to explore its longitudinal
resolution ability by changing the thickness of the seam. Under
the initial condition of the 2D model, the thickness of the coal
seam was gradually reduced, and the thickness of the coal seam
was set to 5 m, 3 m, 1 m, 0.5 m and 0.3 m, respectively, to obtain
the apparent resistivity curves under different seam thicknesses,
as shown in Figure 6.

From Figure 6, it can be observed that there is a logarithmic
function relationship between seam thickness and apparent
resistivity: Y = 405.8770 ln (x) + 93.3621, with the correlation
coefficient R2 between the fitting formula and the curve reaching as
high as 0.9903. As the coal seam thickness decreases, the resistivity
of the coal seam contracts accordingly, and the apparent resistivity
of the coal seam also declines. It is noteworthy that at a seam
thickness of 0.3 m, the apparent resistivity curve only shows an
abnormal protrusion, and the characteristics of the coal seam are
no longer distinct, indicating that the stratification capability of the
coal seam thickness has reached its limit. Therefore, it is judged that
the stratification and thickness determination capability of shallow
three-electrode laterolog is around 0.3 m, and when the coal seam
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FIGURE 6
Apparent resistivity curves of stratum with different coal seam thicknesses and the response pattern of average apparent resistivity of coal seams.

thickness is less than 0.3 m, it is necessary to perform coal seam
correction to identify the coal seam.

6.2 Coal seam-surrounding rock resistivity
ratio

In the initial condition of the 2D model, the resistivity of the
upper and lower surrounding rock is set to be the same, and there is
a certain multiple relationship between the resistivity value and the
resistivity of the coal seam (the resistivity of the coal seam remains
unchanged). By setting the coal-rock resistivity ratio from 10/9 to
10, the partial apparent resistivity curve is shown in Figure 7A.
Subsequently, the corresponding coal seamboundary determination
coefficient is calculated according to Equation 6, and the correction
plate is drawn, as shown in Figure 7B.

The formula for determining coefficient of coal seam boundary
can be expressed as follows:

A =
ln ρb − ln ρmin

ln ρmax − ln ρmin
(6)

Where,A is the determination coefficient of coal seamboundary,
which is dimensionless; ρb is the apparent resistivity value at the
coal seam boundary in Ω·m, and ρmax is the maximum apparent
resistivity value at the apparent resistivity mutation in Ω·m. ρmin is
the minimum apparent resistivity value in Ω·m at the abrupt change
in apparent resistivity.

Figure 7B shows that there is a power function relationship
between the coal-rock resistivity ratio and the determination
coefficient of coal seam boundary: Y = 0.5235x−0.3343, and the
correlation coefficient R2 between the fitting formula and the curve
is as high as 0.9989. This indicates that the correction map obtained
by forward modeling can be effectively applied to the boundary
determination and thickness determination of coal seam in actual
shallow three-electrode laterolog.

6.3 Coal seam dip angle

The 2Dmodel can only simulate the logging environment in the
axisymmetric case.When the dip angle of the ground lseam changes,
it can be clearly seen from the geometry of the model, and it can
no longer be numerically simulated by the 2D model, so it must be
numerically simulated by the 3D model.

In the initial condition of the 3D model, the dip angle of the
coal seam is set as 0°, 15°, 30°, 45° and 60° respectively (keep the
bottom of the coal seam unchanged, with the increase of the dip
angle, the coal seam extends upward; When the dip angle is 60°, in
order to ensure a complete apparent resistivity curve, the length of
the model is increased to 20 m), and the apparent resistivity curves
under different dip angles are obtained, as shown in Figure 8A.
According to the formula in Figure 8B, the apparent thickness of
the coal seam on the apparent resistivity curve is determined,
as shown in Figure 8B.

The results (Figure 8B) of determining the apparent thickness
of the coal seam based on the formula in Figure 7B are generally
consistent with the results obtained using trigonometric functions
geometrically to calculate the apparent thickness.This indicates that
the shallow three-electrode laterolog apparent resistivity curve is
also effective in determining the apparent thickness of inclined coal
seams. At the same time, it can be seen from Figure 8B that there is a
quadratic functional relationship between the dip angle of coal seam
and the apparent thickness of coal seam: Y = 0.0020x2 − 0.0390x+
5.1391, and the correlation coefficientR2 between the fitting formula
and the curve can reach 0.9857.

6.4 Wellbore enlargement in coal seam

Under the initial condition of the 2D model, the enlargement
degree of the coal seam wellbore is gradually expanded (Initial
wellbore radius is 0.1 m), and the enlargement radius of the coal
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FIGURE 7
Apparent resistivity curves of stratum with different coal seam thicknesses and the response pattern of boundary amplitude.

FIGURE 8
Apparent resistivity curves of stratum with different coal seam dip angles and the response pattern of apparent thickness of coal seams.

seam wellbore is set to 0 cm, 1 cm, 2 cm, 3 cm, 4 cm and 5 cm
respectively. As a result, the apparent resistivity curves of different
coal seam wellbore enlargement radius are obtained, as shown in
Figure 9A, and the corresponding average resistivity of coal seam is
calculated, and the results are shown in Figure 9B.

As can be seen from Figure 9, there is a quadratic functional
relationship between coal seamwellbore enlargement and coal seam
apparent resistivity: Y = 32.7840x2 − 264.5293x+ 525.4810, and the
correlation coefficient R2 between the fitting formula and the curve
is as high as 0.9930. The distance between the electrode and the
coal seam increases due to the enlargement of the wellbore, which
makes the current more trapped in the wellbore mud and increased

by the influence of the low resistivity of the mud, so it is difficult to
accurately measure the resistivity of the coal seam. Therefore, it is
very necessary to carry out well correction.

6.5 Fracture

Under the initial condition of the 2D model, three additional
coal seam fractures were added, and the positions on the z-axis were
6.452–6.453 m, 6.953–6.954 m and 7.454–7.455 m, respectively.The
fracture spacing was 0.5 m, the fracture width was 1 mm, and the
fracture length was 2 m.
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FIGURE 9
Apparent resistivity curves of stratum with different coal seam wellbore enlargements and the response pattern of average apparent resistivity of
coal seams.

FIGURE 10
Fracture locations and apparent resistivity curves of stratum with different fracture count.

6.5.1 Fracture count
Under the condition of adding fractures in the 2D model, the

number of fractures is set to 0, 1, 2, and 3, respectively, (when
there is 1 fracture, the position is at 6.953–6.954 m; when there are
2 fractures, the positions are at 6.452–6.453 m and 7.454–7.455 m
respectively; when there are 3 fractures, the positions are at
6.452–6.453 m, 6.953–6.954 m, and 7.454–7.455 m respectively) to
obtain the apparent resistivity curves under different number of
fractures, as shown in Figure 10. The results indicate that the
addition of fractures leads to the minimum value of resistivity
at the fracture, and the boundary effect generated by fractures

leads to the increase of the apparent resistivity of the nearby
coal seam.

6.5.2 Fracture width
Under the condition of adding fractures in the 2D model, the

fracture widths were set as 0.1 mm, 0.25 mm, 0.5 mm, 0.75 mm,
1 mm and 2mm, respectively, to obtain the apparent resistivity
curves under different fracture widths, as shown in Figure 11.
This suggests that there is a power function relationship between
the fracture width and the apparent resistivity of coal seam: Y =
51.0479x−0.2693, and the correlation coefficientR2 between the fitting
formula and the curve can reach 0.9391.
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FIGURE 11
Apparent resistivity curves of stratum with different coal seam fracture widths and the response pattern of average apparent resistivity of fluids within
fractures.

FIGURE 12
Apparent resistivity curves of stratum with different coal seam fracture lengths and the response pattern of average apparent resistivity of fluids within
fractures.

6.5.3 Fracture length
Under the condition of adding fractures in the 2D model, the

lengths of the fractures are set to 0.1 m, 0.3 m, 0.5 m, 1 m, and 2 m,
respectively, to obtain the apparent resistivity curves under different
fracture lengths, as shown in Figure 12. The findings reveal that
the increase in fracture length leads to a decrease in the apparent
resistivity of the fluid within the fracture, and there exists a power
function relationship between the two, given by Y = 79.2252x−0.7237,
with the correlation coefficient R2 between the fitting formula and
the curve can reach 0.9678.

7 Discussion

This paper, based on 2D and 3D models, investigates the
influence of geometric and electrical parameters such as coal seam
thickness, coal-rock resistivity ratio, the dip angle of the coal seam,
wellbore enlargement in the coal seam, fractures count, fracture
width and fracture length, by adjusting these parameters within the
models. By analyzing the response characteristics of shallow three-
electrode laterolog, the study summarizes the related patterns, with
results presented in Table 2.
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TABLE 2 Response characteristics of shallow three-electrode laterolog under different parameters.

Parameter Variation range Correlation Fitting formula R2

Seam thickness 0.3–5 (m) Positive Y = 405.8770 ln (x) + 93.3621 0.9903

Resistivity ratio 10/9–10 Negative Y = 0.5235x−0.3343 0.9989

Dip angle 0–60 (°) Positive Y = 0.0020x2 − 0.0390x+ 5.1391 0.9857

Wellbore 0.1–0.15 (m) Negative Y = 32.7840x2 − 264.5293x+ 525.4810 0.9930

Fracture count 0–3 (count) — — —

Fracture width 0.1–2 (mm) Negative Y = 51.0479x−0.2693 0.9391

Fracture length 0.1–2 (m) Negative Y = 79.2252x−0.7237 0.9678

Thecoal seamthickness ispositively correlatedwith resistivity, and
when the coal seam is at 0.3 m, the apparent resistivity is significantly
lower than the true resistivity, indicating that the stratification
capability has reached its limit. This phenomenon is consistent with
the research of Szijártó et al. (2017). The coal-rock resistivity ratio is
negatively correlated with the amplitude at the coal-rock boundary,
with a high correlation coefficient of 0.9989, which is the highest
among all parameters. This study further refines the research of Huo
and Li (1990) in this area, resulting in specific functional patterns.
An increase in the dip angle of the coal seam leads to an increase
in the apparent thickness of the coal seam, which is also reflected in
the apparent resistivity curve. This result is generally consistent with
the research of Huo and Li (1990). The wellbore enlargement in the
coal seam is negatively correlated with the apparent resistivity of the
coal seam, and changes rapidly within 1 cm of wellbore enlargement.
This study further supplements the research of Szijártó et al. (2017)
on the variation of well diameter over the entire well section. The
addition of fractures causes the coal seam to increase abnormally due
to boundary effects, andboth the increase in fracturewidth and length
lead to a power function decrease in the electrical conductivity of the
fluid within the fractures.

Building on the coal seam thickness depicted in Figure 6B of
Section 6.1, two corresponding seam thickness correction curves
can be derived through further processing. This paper, considering
the length and necessity of the article, did not proceed with
further research. Additionally, in Section 6.5 regarding fractures, it
would be possible to investigate the response characteristics of fluid
resistivity changes within the fractures. However, this is essentially
similar to Section 6.2 on the coal-rock resistivity ratio, and the paper
did not conduct further research on this aspect either. Future work
will be committed to studying heterogeneous formationmodels and
further validating the models with actual measured data to assist in
the evaluation of complex reservoirs.

8 Conclusion

In this paper, COMSOL Multiphysics is used to construct the
model of coal seam apparent resistivity measurement by shallow
three-electrode laterolog, and the effects of coal seam thickness, coal

seam-surrounding rock resistivity ratio, coal seamdipangle, coal seam
wellbore enlargement and coal seam fracture on apparent resistivity
curve are studied.This paper draws the following conclusions:

(1) The coal seam thickness has a positively correlated logarithmic
function relationship with the apparent resistivity of the coal
seam, while the coal-rock resistivity ratio has a negatively
correlated power function relationship with the coal-rock
boundary determination coefficient. Forward modeling
simulations indicate that the stratification and thickness
determination capability of shallow three-electrode laterolog
for coal seams is approximately 0.3m; when the seam thickness
is less than this value, it is necessary to correct the coal seam
thickness to accurately obtain the coal seam resistivity; the
correlation coefficient between the coal-rock resistivity ratio
and the coal-rock boundary determination coefficient is as
high as 0.9989, and the correction chart in this paper can
effectively determine the coal-rock boundary.
(2) The relationship between coal seam dip angle and apparent
thickness of the coal seam, as well as the relationship between
borehole enlargement in the coal seamandapparent resistivity of
the coal seam, arebothquadratic function relationships.Thecoal
seamdipangle ispositivelycorrelatedwiththeapparentthickness
of the coal seam, and with the knowledge of the formation dip
angle, the true thickness of the strata can be obtained through
the results of shallow three-lateral logging. The enlargement
of the wellbore in the coal seam is negatively correlated with
the apparent resistivity of the coal seam. Wellbore enlargement
hinders the lateral extension of the electric current, which can
easily lead to distortion of the coal seam resistivity, and wellbore
correction is necessary in certain situations.

(3) The addition of fractures leads to an abnormal increase in the
coal seam due to boundary effects. Moreover, both the fracture
width and length exhibit a negative correlation with the
resistivity of the fluid within the fractures, following a power
function relationship. Therefore, shallow three-electrode
laterolog can be utilized to explore the development state of
fractures. Future work will be dedicated to the development
of heterogeneous formation models, and combining actual
measured data to further validate the models, assisting in the
evaluation of complex reservoirs.
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