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ABSTRACT In this paper, a finite-element method with unstructured mesh is used to numerically simulate
the line source model of three-dimensional borehole-to-surface electrical potential method. A new total
field potential is synthesized using the calculated anomalous field potential and the analytic solution of the
background field. In solving for the original total field potential and background potential, this method can
guarantee a small near-field error in the new total field potential without the need to densely mesh the region
with the source. By comparing the synthesized total field and analytic solution, the high accuracy of the
numerical solution is verified. The results of model calculation show that the detection effectiveness of the
borehole-to-surface electrical method depends on the length of the line source. The detection effectiveness
increases substantially with increasing length of the line source within a certain range. However, when the
line source is excessively long, the increase in detection effectiveness for anomalies is insignificant. For a
low-resistance anomaly of a given volume, the borehole-to-surface electrical method is more sensitive to
changes in the lateral area than to changes in the thickness. When the gob contains only a small amount
of water (e.g., Model IV containing 5% of water by volume), it will appear as a low-resistance anomaly.
In addition, the detection of a water-logged gob by the borehole-to-surface electrical method depends on the
depth and size of the gob. The borehole-to-surfacemethod can accurately delineate the profile boundary of an
anomaly, even though the side closer to the source is susceptible to the effect of source current. These results
are significant for guiding the field exploration of the borehole-to-surface electrical method, improving result
interpretation, and assisting the application.

INDEX TERMS Borehole-to-surface electrical potential method, finite-element method, vertical line source,
unstructured mesh.

I. INTRODUCTION
The borehole-to-surface electric potential method possesses
the advantages of both ground surface and borehole elec-
trical prospecting methods. With its advantages of wide
detection range, large detection depth, and high resolution,
the borehole-to-surface electrical method is widely used in
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residual oil development and fracturingmonitoring, coal min-
ing and detection of water-filled layers, and detection of
ores and pollutants [1]–[9]. By injecting the electric cur-
rent directly into the underground target layer through the
borehole, the borehole-to-surface electrical method over-
came the difficulty of obtaining high-resolution data due
to complex underground structure and deeply buried tar-
gets layer encountered by surface prospecting methods [10].
The method also overcomes the difficulty of over-abundant
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borehole data but severely insufficient reservoir data in the
borehole prospecting method, and can effectively detect the
weak signals of deeply buried targets over a wide area. Mine
flooding incidents are major disasters in coal mining, with
water hazards in mined-out areas accounting for a large pro-
portion of floods [11]. The dire need for mining resources
has made it extremely urgent to devise an effective detection
method for deeply hidden ores in vulnerable mines [12].
To efficiently determine the distribution of complex con-
cealed orebodies and water-logged gobs underground with
the borehole-to-surface electrical method, it is essential that
in-depth studies of the borehole-to-surface method be carried
out. Such research is highly significant in preventing water
hazards and exploiting potential vulnerable mines.

The borehole-to-surface method was first proposed
in 1958 by a former Soviet scientist A.M. çaãapìèctp [13].
After extensive investigation and application by numerous
researchers, the theory has been substantially developed
and there are now abundant application results. Alfano [14]
provided an analytical solution of the surface potential
of a three-layered dielectric borehole-to-surface model.
Pridmore et al. [15] carried out a numerical calculation
of the three-dimensional (3D) borehole-to-surface potential
using the finite-element method. Rocroi and Koulikov [16]
injected electric current directly to the target layer through
the casing well and discovered two high-abundance zones
of by-passed oil in two lithologic traps in an oil-rich region.
Scriba [17] and Spitzer [18] simulated the electric potential
response of a 3D borehole-to-surface cross-section based on
the finite-difference method. Ushijima et al. [19] achieved
dynamic imaging monitoring of fluid flow in a fracture with
the borehole-to-surface potential method. Using a finite-
difference technique, Yue and Liu [20] completed the 3D for-
ward calculation in the borehole-to-surface potential method
for a point source, and analyzed the structural changes before
and after the grouting of a coal mine gob. In water tank
simulation experiments, Wang et al. [21] studied the response
behavior of borehole-to-surface electric potential. In 2006,
Xu et al. [22] applied finite-difference and conjugate gradi-
ent iteration techniques and completed the inversion of the
3D borehole-to-surface resistivity of a vertical line source.
Wang et al. [23], [24] separately used the Born approxima-
tion, quasi-analytical approximation, and weighted regular-
ization conjugate gradient to invert the electromagnetic data
of a 3D borehole-to-surface model. Tang et al. [25] used
the apparent geoelectric resistivity to define the disparity
rate, and delineated the reservoir boundary by the disparity
rate and its gradient. However, it was difficult to effectively
identify the blind mine beside the borehole. Qu et al. [26]
succeeded in the inversion of 3D borehole-to-surface resis-
tivity using an improved conjugate gradient method and
alleviated the ‘‘upward drift’’ phenomenon of the electrical
anomaly in the inversion. David et al. [3] used the target-
oriented adaptive finite-element method to simulate the elec-
tric field response of the borehole-to-surface electric model.
Ho [27] realized rapid inversion of the 3D borehole-to-surface

potential based on neural network technology. Dai et al. [28]
believed that it was feasible to investigate residual oil distri-
bution with the borehole-to-surface approach based on dual-
frequency induced polarization borehole-to-surface electrical
experiments conducted at Daqing oil field, China. In 2009,
Ke and Huang [29] simulated the potential response of the 3D
borehole-to-surface method using the finite-element method.
They succeeded in inverting the borehole-to-surface data
using the nonlinear damped least-squares method and dis-
cussed the effects of noise level and the size of the measure-
ment area on the inversion results. Li et al. [10] completed the
calculation of the 3D borehole-to-surface potential response
with terrain using the finite-element method of unstructured
mesh and simulated the anomalous surface potential distri-
bution for different locations of the point source relative to
the anomaly. Dai et al. [5] used the finite-element technique
to calculate the 3D borehole-to-surface potential model for a
complex line source. The distribution pattern of line source
profoundly affected the distribution of surface potential.
Cao et al. [30] simulated the electric field response of
borehole-to-surface electromagnetic method in the frequency
domain with water tank experiments. They experimentally
verified the feasibility of delineating the oil and gas target
zone using the borehole-to-surface electromagnetic method
from an experimental perspective. Wang and Pan [31] con-
ducted numerical simulation of the 3D borehole-to-surface
electric potential method for a point source with the finite-
element method. The response characteristics of medium-
depth and large, deep anomalies were enhanced through the
derivative of the total normalized potential, which helped
delineate the boundary of the anomaly. Zhang et al. [32] cal-
culated the response of 3D borehole-to-surface method using
a finite-difference method. Wang et al. [33], [34] succeeded
in inverting the borehole-to-surface potential model with an
inequality-constrained, nonlinear conjugate gradient method
and simulated the response features of apparent resistivity
and apparent polarization of a line source 2D borehole-to-
surface model with terrain using the finite-element method
with unstructured mesh.

When electric current is supplied to a stratum through
a metal sleeve in the borehole-to-surface electrical method,
since the diameter of the sleeve is much smaller than its
length, it may be simplified to a line current source of finite
length in the forward calculation of the model [35]. Based
on this model, we carried out numerical simulation of the
line source 3D borehole-to-surface electrical method. The
accuracy of the calculation will to some extent be affected by
the partition of the mesh of the model and the degree of fit-
ting to the complex boundary. Compared to structured mesh,
unstructured mesh can actually handle the irregular multi-
scale complex model more effectively. Therefore, we use a
finite-element method with unstructured mesh to study the
effects of line source length, horizontal and vertical scale
change of the model, and the percentage of water in the
gob on the detection of anomalous bodies, and discuss the
potential and apparent resistivity response characteristics of
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the 3D complex borehole-to-surface model with vertical line
source.

II. THEORY
In a homogeneous isotropic medium, the 3D boundary-value
problem of a constant current point source underground is

∇ · (σ∇8) = −Iδ (P)

σ
∂8

∂n
= 0 0s

8 = 0 0∞

(1)

where8 is the electric potential (in units of V), σ the conduc-
tivity (in units of S/m), I the current intensity (in units of A),
n the outer normal direction of the ground-air interface (0s),
and P the current source point. The inner boundary condition
is a natural boundary condition and is not considered in the
finite-element solution.

According to the variational principle, the variational
problem corresponding to Eq. (1) is

F (8) =
1
2

∫∫∫
σ
[
(∂8/∂x)2 + (∂8/∂y)2 + (∂8/∂z)2

]
dV −

∫∫∫
Iδ (P)8dV

δF (8) = 0
8 = 00∞

(2)

The potential generated by the finite-length line current
source in a uniform underground medium can be regarded as
a superposition of the potential generated by dividing the line
source into n segments of small line sources, with each small
line source acting as a point source. According to the super-
position principle, we obtain the following potential variation
problem under line source excitation when we integrate the
first equation in Eq. (2) along the line source:

F∗ (8) =
∫ {

1
2

∫∫∫
σ [(∂8/∂x)2 + (∂8/∂y)2

+(∂8/∂z)2]dV −
∫∫∫

Iδ (P)8dV
}
dl

δF∗ (8) = 0
8 = 00∞

(3)

After analyzing and arranging the elements of Eq. (3),
we obtain a large set of linear equations for solving any line
source borehole-to-surface potential problem:

Bx = f (4)

where B is a large sparse coefficient matrix, x the node
potential to be determined, and f the source item expression.
By solving the linear equation set (4), the potential value of
the node to be solved can be obtained.

FIGURE 1. Tetragonal unit e.

To better deal with irregular multi-scale complex models,
in this paper we use an adaptive segmentation model calcu-
lation zone with unstructured tetrahedral mesh (Figure 1).
The potential at any point p(x, y, z) in unit e can be
expressed by the calculated node potential and the interpo-
lation function:

8p =
∑

Ni8i (5)

where Ni and 8i are the interpolation value and potential,
respectively, at node i in unit e.
The analytical expression of the potential of the borehole-

to-surface model with a vertical line source in a half-space
of isotropic and homogeneous medium is, (6) as shown at
the bottom of this page, where ρ is the resistivity (in units
of�·m) of the stratum; l1, l2, l1b, and l2b are, respectively, the
top and bottom burial depths of the transmission and return
line sources (in units of m); zp is the depth of themeasurement
point (in units of m); and rp and rbp are, respectively, the
radial distances (in units of m) of the measuring point from
the transmission and return line sources. In the calculation in
this paper, we take l1 = l1b and l2 = l2b.

8 =
Iρ

4π (l2 − l1)
ln

(
l2 − zp +

√(
l2 − zp

)2
+ r2p

)(
l2 + zp +

√(
l2 + zp

)2
+ r2p

)
(
l1 − zp +

√(
l1 − zp

)2
+ r2p

)(
l1 + zp +

√(
l1 + zp

)2
+ r2p

)

−
Iρ

4π (l2b − l1b)
ln

(
l2b − zp +

√(
l2b − zp

)2
+ r2bp

)(
l2b + zp +

√(
l2b + zp

)2
+ r2bp

)
(
l1b − zp +

√(
l1b − zp

)2
+ r2bp

)(
l1b + zp +

√(
l1b + zp

)2
+ r2bp

) (6)
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In the numerical calculation of the borehole model, calcu-
lation errors may arise due to the presence of the steel cas-
ing, anomalous field source, boundary loading, and meshing
partition. To minimize the influence of these factors on the
calculation results to the greatest extent possible, we applied
the data processing method for controllable marine elec-
tromagnetic data proposed by Kong et al. in 2008 to the
borehole-to-surface electrical method [36]. We first find the
total field potential and background field, that is, the field
for homogeneous half-space, under the same mesh division,
and then use their difference as the anomalous field potential.
We then synthesize a new total field potential from the
anomalous field potential and an analytical solution of
the background field to improve the calculation accuracy.
In the numerical calculation, the anomalous potential
8difference generated by the target body can be expressed by
the total field potential 8total and background field potential
8background. Here, the total field potential 8total and back-
ground field potential 8background of the model can both
be obtained from Eq. (4). Therefore, the anomalous poten-
tial 8difference attributable to the target body only can be
expressed as

8difference = 8total −8background (7)

The total field potential can be expressed as

8total = 8background +8difference (8)

In the anomalous potential obtained from Eq. (7), the com-
mon errors in the total field potential and background field
potential caused by the boundary loading effect and field
source processing have been eliminated. In the case of a
homogeneous half-space or a layered model, the potential
can be solved analytically, but the background field potential
obtained by numerical calculation contains errors. Therefore,
we replace the 8background in Eq. (8) with the analytical
solution 8analytic to meet the higher accuracy requirement of
the newly synthesized total field potential:

8new total = 8analytic +8difference (9)

To obtain 8total and 8background from Eq. (4), the high
accuracy level of the total field potential obtained fromEq. (9)
can be assured without densely meshing the region in which
the field sources are located. This reduces the order of the
equation to be solved.

FIGURE 2. Comparison of numerical solution and analytic solution for
homogeneous half-space.

By synthesizing a new total field potential, the following
formula may be used to solve for the apparent resistivity of
the borehole-to-surface electrical method:

ρ =
18

I
1

KM − KN
(10)

where 18 = 8M − 8N, M and N are the measuring
electrodes, I is the current intensity (in units of A), and the
device coefficient K is, (11) as shown at the bottom of this
page.

III. MODEL CALCULATION AND ANALYSIS
To verify the calculation accuracy, the homogeneous half-
space model (100 � · m) is viewed as a superposition of a
homogeneous half-space background medium (95� ·m) and
a homogeneous half-space anomaly (5 � · m). The length
of the line source is 300 m, and the return line source is set
at 4000 m from the transmission source (the same below),
and the current intensity is 20 A (the same below). The
analytic solution of the potential of the homogeneous half-
space model (100 � · m) is obtained from Eq. (6). The
potential of the synthetic total field is obtained by the finite-
element method described above, and the total field potential
is obtained from Eq. (4). The numerical solution is compared
with the analytic solution of the homogeneous half-space
model (100 � · m) and the results are shown in Fig. 2. The
numerical solution and analytic solution basically overlap.

K =
1

4π (l2 − l1)

ln

(
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√(
l2 − zp

)2
+ r2p

)(
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√(
l2 + zp

)2
+ r2p

)
(
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√(
l1 − zp

)2
+ r2p

)(
l1 + zp +

√(
l1 + zp

)2
+ r2p

)

− ln

(
l2 − zp +

√(
l2 − zp

)2
+ r2bp

)(
l2 + zp +

√(
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)2
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)
(
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√(
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)
 (11)
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The test results demonstrated the reliability of the calculation
accuracy of the new method proposed here for calculating
the line source. In Fig. 2, the abscissa is the transmission
and reception distance (in units of m) and the ordinate is the
electric potential (in units of V).

FIGURE 3. Schematics of (a) cross-sectional and (b) planar views of
model.

A. MODEL 1: VALIDATION OF NEW ALGORITHM
To verify the processing effect of the new algorithm, a geo-
electric model is designed, shown in Fig. 3, in which the
length of the line source is 500 m, and a low-resistivity
anomaly with a resistivity of 1 � · m and a size of
200 m × 200 m × 10 m (along the x, y, and z directions)
is present in the homogeneous half-space with a background
medium resistivity of 100 � · m. The left-hand side of the
buried anomaly is 200 m from the source and the top surface
is at a depth of 200 m. Figure 4 shows the results of the planar
apparent resistivity calculated from Eq. (4) [Fig. 4(a)] and the
planar apparent resistivity calculated using Eq. (9) [Fig. 4(b)].
It can be seen that both Figs. 4(a) and 4(b) satisfactorily
reflect the position and shape of the anomalous body (the
white frame in the figure), but the method using the total
field potential newly synthesized from the anomalous field
potential and the analytic solution of the background field
[Fig. 4(b)] can more effectively eliminate the calculation
noise from the background.

B. MODEL 2: INFLUENCE OF LINE SOURCE LENGTH ON
DETECTION USING BOREHOLE- TO-SURFACE METHOD
To study the effects of the length of line current source on
the sensitivity for detecting anomalies with the borehole-to-
surface method, we designed the 3D model shown in Fig. 5.
In the model, only the length of the line source is changed and
all other parameters remain the same. In the homogeneous
half-space medium with a resistivity of 100 � · m, a low-
resistivity anomaly with a resistivity of 1 � · m and a size
of 150 m × 150 m × 5 m (along the x, y, and z directions) is

FIGURE 4. Apparent-resistivity contour map in planar view: Planar view
apparent resistivity calculated from (a) Eq. (4) and (b) Eq. (9).

FIGURE 5. Schematics of (a) cross-sectional and (b) planar views fo the
model.

buried at a distance of 200 m from the source and at a depth
of 200 m to the top surface. With the transmitting borehole as
the center, detection lines are arranged in a circular network.
The apparent resistivity on the ground surface is calculated
for the following respective lengths of the line current source:
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FIGURE 6. (a)–(i) Ground surface apparent-resistivity contour maps corresponding to line source lengths of 100 (a), 200 (b), 300 (c), 400 (d),
500 (e), 700 (f), 1000 (g), 1500 (h), and 2000 m (i).

100, 200, 300, 400, 500, 700, 1000, 1500, and 2000 m.
Figures 5(a) and 5(b) are the schematic cross-sectional and
plane views, respectively, of the model. Figures 6(a)–6(i)
correspond, respectively, to the apparent surface resistivity
contour (white frame in the figure indicates the boundary
of the anomaly) for the following lengths of the line current
source: 100, 200, 300, 400, 500, 700, 1000, 1500, and 2000m.
The horizontal and vertical coordinates represent the position
of the measuring points (in units of m). Figure 7 shows the
apparent resistivity for different lengths of the line current
source on the same line of measurement. The position of the
measurement line is indicated in Fig. 5(b) with a black dotted
line, the abscissa is the transmission and reception distance
(in units of m), and the ordinate is the apparent resistivity (in
units of � ·m).
A comparison of the results in Figs. 6 and 7 shows that,

as the length of the line source increases within a certain
range, the detection efficiency of the borehole-to-surface

FIGURE 7. Apparent-resistivity curves for different lengths of line source
along the same measurement line.

electrical method for the low-resistivity anomaly grad-
ually improves. However, this does not imply that the
longer the length of the transmission source, the better the
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FIGURE 8. Schematics of (a) cross-sectional and (b) planar views of the model.

detection efficiency. When the length of the line source
exceeds a certain value, continued increase of the line source
length has little effect on the detection efficiency of the
anomalies. In terms of the planar apparent resistivity, the size
of the low-apparent-resistivity region at the low-resistivity
anomaly has a tendency to increase as the length of the
line source increases [as shown by the black dotted line in
Figs. 6(a)–6(i)]. The apparent resistivity curves in Fig. 7 show
that, as the length of line source increases, the minimum
value of the apparent resistivity shows a tendency of mov-
ing from the side farther away from the source toward the
center of the anomaly projected on the Earth’s surface, but
an excessively long line source is no longer sensitive to
the detection of low-resistivity anomalies. The calculation
results show that the optimum length of the excitation line
source should be approximately 500 m. The efficiency of
the borehole-to-surface method depends on the length of
the line source relative to the burial depth of the anomaly.
Within a certain range of the line source length and electric
current intensity, more current flows through the low-resist-
ivity anomaly as the length of line source increases, thereby
improving the detection efficiency. However, when the length
is excessive, it no longer improves the detection efficiency.
Therefore, in the detection of targets with the borehole-to-
surface method the excitation should be provided by a line
source with a judiciously chosen length, and a longer source
is not always better.

C. MODEL 3: SENSITIVITY OF BOREHOLE-TO-SURFACE
METHOD IN DETECTING HORIZONTAL AND VERTICAL
SCALES OF LOW-RESISTIVITY ANOMALY
To study the detection sensitivity of the borehole-to-surface
method to changes of the horizontal and vertical scales of
the low-resistivity anomaly, we designed the model shown
in Fig. 8. The length of the line source is 500 m, and a low-
resistivity anomaly with a resistivity of 1 � ·m is buried in a
homogeneous half-space of 100 � ·m resistivity. The center
of the anomaly is at a distance of 300 m from the transmitting
source and at a depth of 200 m. The scales of the anomaly are
set to 100 m × 100 m × 10 m, 100 m × 100 m × 40 m, and
200 m × 200 m × 10 m (along the x, y, and z directions),
where the volume of the last two anomalies are equal. The
position of the 600-m-long measurement line is shown as a
black dotted line in Figure 8(b). Figure 8 shows schematic

FIGURE 9. Comparison of apparent-resistivity curves for different scale
parameters in horizontal and vertical directions.

FIGURE 10. Schematics of (a) cross-section and (b) planar views of the
model.

cross-sectional and planar views of the model and Figure 9 a
comparison of the apparent resistivity curves for different
size parameters in the horizontal and vertical directions. The
abscissa is the transmission and reception distance (in units
of m) and the ordinate is the apparent resistivity (in units
of � ·m).

As can be seen from Fig. 9, the borehole-to-surface electri-
cal method can clearly identify the presence of low-resistivity
anomalies. As the size of the anomalous body increases,
the detection efficiency of the borehole-to-surface method
becomes more pronounced. For anomalies having the same
volume, the detection efficiency is much more pronounced
for anomalies with a large horizontal area or lateral spread
(200 m × 200 m × 10 m), than for an anomaly with a
large vertical thickness (100 m × 100 m × 40 m). Thus,
the borehole-to-surface method is more sensitive to changes

190 VOLUME 8, 2020



Z. Xiong et al.: New Algorithm for Three-Dimensional Borehole-to-Surface Apparent Resistivity Imaging

FIGURE 11. Apparent-resistivity curves for gobs buried at a depth of 200 m and having scales of (a) 100 m×100 m×20 m
and (b) 200 m×200 m×20 m, and (c) for a gob buried at a depth of 100 m and having a scale of 100 m×100 m×20 m.

in the lateral area of the anomaly than to changes in its
thickness.

D. MODEL 4: EFFECT OF VOLUME FRACTION OF WATER
IN GOB ON DETECTION EFFICIENCY
To explore the factors that affect the detection efficiency of
the borehole-to-surface method in a water-logged gob, we
designed the model shown in Fig. 10. A homogeneous half-
space of resistivity 100� ·m, contains a 20-m-thick gob. The
length of the line current source is 500 m, the gob is located
200 m from the source, and the burial depth of the top surface
is 200 m. The scales of the anomaly (along directions in the
order of x, y, and z) are 200 m× 200 m× 20 m and 100 m×
100 m× 20 m, respectively. When the burial depth of the top
surface is 100 m, the size of the gob is 100 m×100 m×20 m.
By changing the volume fraction of water in the gob, we
investigated the detection of the different water accumulation
ratios in the gob. The resistivity of the accumulated water
is taken to be 1 � · m and the resistivity of the air layer is
taken to be 109� · m. Figures 10(a) and 10(b), respectively,
show the schematic cross-sectional and planar views of the
model. Figures 11(a) and 11(b) show the apparent-resistivity
curves for a 200-m gob for different water content ratios and
100 m × 100 m × 20 m and 200 m × 200 m × 20 m

anomalies, respectively. Figure 11(c) shows the apparent
resistivity curve of a 100-m gob and a 100 m × 100 m ×
20 m anomaly for different water content ratios. In Fig. 11,
the abscissa is the transmission and reception distance
(in units of m) and the ordinate is the apparent resistivity
(in units of � · m). The position of the measurement line is
shown as a black dotted line in Fig. 10(b).

Figure 11 shows that in the absence of water a gob as a
whole exhibits high resistance. As the volume fraction of
water increases in the gob, the apparent resistivity of the
region in which anomalies distribute gradually decreases.
When there is a small amount (e.g., 2.5%) of brine water in
the gob, its apparent resistivity can already be distinguished
from that of an air-filled gob, and begins to show a low-
resistivity phenomenon. Therefore, the borehole-to-surface
electrical method is more sensitive to low-resistivity anoma-
lies, which is good for the detection of water-logged coal
gobs, for preventing flooding accidents in mines, and for
providing technical support for mining safety. The larger the
volume fraction of water in the gob, the more obvious
the decrease in resistivity, and the higher the accuracy of
the location of the anomaly center, which is away from the
transmitting side of the source. A comparison of the results
in Figs. 11(a) and 11(b) shows that—for the same burial
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FIGURE 12. Schematics of (a) main cross-sectional and (b) planar views of the model.

FIGURE 13. Apparent-resistivity contour maps for (a) planar and (b) main cross-sectional views.

depth and water content—the greater the extent of the gob,
the easier it is for the borehole-to-surface method to detect
water accumulated in the gob. For example, for a water vol-
ume fraction of 5%, the smaller anomaly of Fig. 11(a) shows
a low resistivity of approximately 99.74 � ·m, but the larger
anomaly of Fig. 11(b) shows a lower resistivity than that of
Fig. 11(a), reaching a level of 98.7 � ·m. In addition, a com-
parison of Figs. 11(a) and 11(c) shows that a shallower buried
depth is more favorable for the detection of a waterlogged
gob. For the same volume fraction of water, the shallower
the buried water-logged gob, the closer the resistivity value
is to the true value. For example, for the same water content
of 5%, the lowest apparent-resistivity value in Fig. 11(c) is
approximately 99.03 � · m. This example shows that the
detection efficiency of a waterlogged gob depends not only
on the volume fraction of water in the gob, but also on the
depth and the size of the distributed area.

E. MODEL 5: RESULTS OF MULTI-ANOMALY
COMPOUND MODEL
The model parameters are set as follows: The background
resistivity of the homogeneous half-space is 100 � · m, the
length of the line source is 400 m, the sizes of the three
low-resistivity anomalies (in order of A, B, and C and x, y,
and z coordinates) are, respectively, 70 m × 70 m × 10 m,
120m× 120m× 10m, and 70m× 70m× 10m, and the top

surface burial depths are 180, 140, and 100 m, respectively.
The resistivity of the anomaly is taken to be 1� ·m. The hor-
izontal distance between the left-hand side of the anomaly A
and the source is 220 m, and the horizontal distance from the
boundary of anomalies A and C to the main cross-sectional
plane that goes through the source and center of anomaly B
is 20 m. Figures 12(a) and 12(b) are schematics of the main
cross-section and planar views, respectively, of the model.
Figures 13(a) and 13(b) are contour maps of the apparent
resistivity in the planar view and main cross-section, respec-
tively, of themodel (white or black frames in the figure are the
boundaries of the anomaly), and the horizontal and vertical
coordinates, in units of m, represent the coordinate position
of the measurement point. The corresponding position of the
main cross-section in the planar view is shown by the black
dotted line in Fig. 12(b).

In the planar view of the apparent resistivity [Fig. 13(a)],
anomalies A, B, and C are all visible to some extent, but the
boundaries of anomaly A are not as clear as those of B and
C since anomaly A, being closer to the source, is squeezed
by the source current and is buried deeper than the others.
In the cross-sectional view of the apparent resistivity profile
[Fig. 13(b)], the presence of the three anomalies can be
clearly identified. The main cross-section passes through the
center of anomaly B, so the boundary of B is clearly defined.
Anomaly B is revealed on the cross-sectional view with the
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best accuracy because it is not only the largest anomaly,
but the cross-section plane also happens to pass through the
center of B. Since the two anomalies A and C are 20 m
away from the main cross-section, their boundaries are not
as clear as that of B, and their center positions are slightly
offset downward and upward, respectively.

IV. CONCLUSION
Based on a finite-element method with unstructured mesh,
we performed numerical calculations for the borehole-to-
surface electrical potential method on a series of designed
models. The calculations made use of the new method of
the total field potential synthesized from the pure anomaly
field and the analytic solution of the background field. This
investigation led to the following important conclusions after
studying the roles of the length of the line source, the vertical
and horizontal size of the low-resistivity anomaly, the volume
fraction of water in the gob, and the burial depth.

(1) The dependence of the detection efficiency on the
length of the line source is related to the buried depth of the
anomaly. For a given burial depth of the anomaly, the detec-
tion efficiency increases with increasing length of the line
source within a certain range. However, when the line source
is too long, it is of little significance for improving the detec-
tion of the anomaly.

(2) The borehole-to-surface electrical method is much
more sensitive to changes in the horizontal scale of the
low-resistivity anomaly than to changes in the vertical
scale.

(3) A gob can exhibit the phenomenon of low resistivity
anomaly by retaining only a small amount of brine water.
The detection efficiency of the borehole-to-surface electrical
method depends on the volume fraction of water in the gob,
burial depth, and size of the gob.

(4) The borehole-to-surface electrical method can clearly
define the boundary positions of the anomaly. The side of the
anomaly closer to the source on the plane is susceptible to the
effects of the source current, but the boundary of the anomaly
can be more accurately delineated.
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