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The resistivity method has been widely used to predict the water-bearing structure of tunnels. The traditional resistivity uses the
point electrode (PE) source in the tunnel to excite the electric field. Because the tunnel face is inaccessible, its exploration depth is
limited and small. In order to overcome this problem, the horizontal pilot hole is used as the long electrode (LE) source in the
tunnel. We use the finite element method (FEM) to establish a three-dimensional modeling algorithm for tunnel detection
using a long electrode source. The accuracy of the algorithm is verified by using the long electrode source model. By a lot of
numerical simulations, a prediction model of a long electrode source for tunnel detection is firstly proposed. The predicted
results show that it has good applicability in detecting long-distance anomaly. The comparison of the long electrode source
and point electrode source models shows that the detection depth of the long electrode prediction model is farther than that of
the point electrode source. This long electrode source method can improve the construction efficiency and effectively prevent
water inrush in the tunnel.

1. Introduction

The resistivity method of PE source in tunnel is becoming
more and more popular, which has been applied in environ-
mental investigation, coal mining, and subway tunnel engi-
neering [1–3]. In some mountainous areas with deep
tunnels, there often occurs water inrush in front of the tun-
nel face. Predicting the location of water inrush is a very
tough task for construction enterprises before tunnel excava-
tion. To ensure construction safety, the prediction of the
complex geological structure must be accurate, because the
rich-water fault structure ahead of the tunnel face is very
dangerous, which could bring huge difficulties to the tunnel
excavation [4].

At present, the resistivity method of PE source in tunnel
has become more and more popular. Because the resistivity
method has the features of low-cost and portable equipment,
and it is very sensitive to water-rich faults, the resistivity

method has been an indispensable way for predicting water
inrush structures, such as karst caves [5].

However, there is a shortcoming for the PE resistivity
method existing a small detection depth for the water-rich
disaster anomaly in the geological hazard survey of the tun-
nel. It is because that the electric signal induced by the PE
source is easy to be disturbed from ambient noise in detect-
ing large-distance structure, but it has a good detecting effect
in superficial structure. But for deep structure, the way of PE
source is easily disturbed by tunnel conditions [6, 7].
Another one reason is the inaccessible tunnel face, which
limited the PE source to be close to the anomaly. During
tunnel excavation, surveyors often use horizontal pilot bore-
holes for observation. Therefore, we can use the horizontal
pilot drilling as a LE source, which can inject a strong cur-
rent near the fault anomaly. The LE source may be devel-
oped as a new method to detect the water inrush structure
to increase detection depth.
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Although the LE source has been widely used in the typ-
ical geological model by the resistivity method prospecting
for more than 30 years [8–10], the resistivity method of
the LE source is only used in ideal half-space models and
one-dimensional layered models. So far, introducing a LE
source into the whole-space model of the tunnel for predict-
ing water inrush fault structure has not been published in
the previous literature. Some people suggest that in practical
work, the point source resistivity method is suitable for
detecting short-distance disaster anomalies, and it is better
to use a long electrode source resistivity method for long-
distance anomalies [11, 12].

The goal of this study is to propose a new prediction
model with the LE source resistivity method based on finite
element mesh for detecting water inrush fault in the tunnel,
which can guide engineer before practical tunnel excavation
to locate the potential water-rich fault in front of the tunnel.
The finite element method has become an important tool
widely used for the modeling of the resistivity method in
the past decades [13–30]. Here, we use the finite element
method to implement the 3D modeling of the LE source in
the tunnel.

The structure of this study is divided into the following
parts. First, we describe the boundary condition and the
basic equation of the tunnel model with LE source and
apparent resistivity formulas. Next, the LE model proves
the accuracy of the algorithm, and then we discuss the
numerical simulation of several models under different
parameters with the LE source and the comparison with
the PE source model. In the end, the conclusion is made.

2. Numerical Module

2.1. The Basic Equations. The boundary condition between
the air and the tunnel satisfies the Neumann boundary con-
dition on the surface domain, and it satisfies the third
boundary condition on the infinite domain. The basic equa-
tion and boundary conditions of the point source can be
seen [31, 32]. The LE source is assumed as a collection of
point elements. The modeling of the total electrical field
excited by a point source has been solved [27]. The function
of the LE source variational problem could be converted by
assembling those PE sources [33].
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FL½u� is a function of the scalar potential u, σ is the con-
ductivity, j is the current density, r! is the observed position,
n! is the normal vector, L is the LE source,Ω is the model
space. Equation (1) using a linear function can be written.
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Ue is the element potential, Ne is the element number,
K1

e is the volume element matrix, N is the shape function,
K2

e is the face element matrix, p represents the LE source
components, Ωe indicates each tetrahedral element. All local
system equations were assembled into a global system equa-
tion to form a large system linear equation [34, 35]. The
computational problem of this large system equation could
be solved by a conjugate gradient method [19].

2.2. Apparent Resistivity of LE Source. For tunnel prediction,
the computational formulas under the pole-pole configura-
tion of the LE source have been given [36].
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uN is the potential, GN is the configuration coefficient,
and ρs is apparent resistivity.
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Figure 1: A LE source model.
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Figure 2: Analytic and numerical results on two configurations.
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For pole-dipole configuration, the computational formu-
las of the LE source at M and N could be transformed
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More detailed procedures also can be seen in refer-
ence [36].

3. Verification of the Algorithm

The following case was calculated on a PC with 11th Gen
Intel(R) Core(TM) i7-11700 @ 2.50GHz and 16GB RAM.

To check the accuracy of the LE source algorithm, a
LE source was simulated in a uniform surrounding rock
with the resistivity of 100Ωm in Figure 1. There are 50
observed electrodes with the interval of 10m on the sur-
veying line. The location of the LE source is placed at
point O. We use two pole-pole and pole-dipole configura-
tions to test the feasibility of the LE algorithm. The whole
model with 621769 tetrahedra and 87742 nodes is used by
unstructured mesh [37, 38].

We test the accuracy of the LE source model under two
pole-pole and pole-dipole configurations in the surveying
line of the tunnel floor. As Figure 2 shown, in the surveying
line, numerical apparent resistivity calculated by the LE
model under two configurations is consistent with the ana-
lytical value of 100Ωm. Besides, the precision of the pole-
pole configuration is better than that of the pole-dipole con-
figuration. They prove the feasibility of our LE algorithm.
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Figure 3: Schematic diagram of fault anomaly in the tunnel on the LE source and the FE grid used in the modeling.
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Figure 4: Apparent resistivity of different LE sources.
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4. Numerical Simulations

We simulated several fault models using the LE source,
which is closely related to practical tunneling work. The
goal of the study is to propose a prediction model using
LE source configuration in locating fault ahead of the
tunnel.

4.1. Prediction Model of the LE Source. To study the predic-
tion performance of the LE source device used in detecting
fault anomaly in the tunnel, a fault model is designed in
Figure 3, and the model parameters are as follows. The tun-
nel face area is 4m × 4m, the air of the tunnel has a resistiv-
ity of 108 Ωm, and a lot of potential electrodes are placed at
the tunnel floor with the interval of 2m. The LE source is
located at point O. The surrounding rock is 100Ωm and
fault is 10Ωm. The thickness of the fault is 20m, and the
depth of the tunnel is 500m. The whole model domain is
enough large. By adjusting the real horizontal distance
between the tunnel face and the left boundary of the fault
(d = 40m, 80m, 120m) and the length of the LE source
(L = 10m, 20m, 30m,⋯, 110m, 120m), we calculated mul-
tigroup fault models with different lengths of LE sources
and different horizontal distances.

Figure 4 shows apparent resistivity curves for different
LE sources and different horizontal fault distances of
40m, 80m, and 120m, respectively. Under the condition
of the same fault distance, as the LE source becomes lon-
ger, the minimum value of the curves becomes lower, and
the offset (xmin) of the minimum apparent resistivity also
becomes larger. Because the longer the LE source is, the
closer it is to the actual fault anomaly, which can excite
a stronger electric signal and is easily coupled with the
high-conductivity anomaly. In the traditional data process-
ing, there is a linear relationship between the observed off-
set xmin and the actual horizontal distance d, which was
used to estimate the position of the anomaly in the tunnel.
It is particularly emphasized here, for the modeling at L
= 40m and d = 40m, d = 40:1m is actually simulated in
the algorithm to keep the LE source as close as possible
with fault anomaly. The same approximation was proc-
essed in the following similar cases. It is because that
when the LE source crosses the two layers (nonuniform
conductive medium), the current density distribution of
the LE surface will change with the difference of the con-
ductivities of both media. So far, there is no analytic solu-
tion of current density in a nonuniform conductive
medium. However, there is an approximate current den-
sity distribution formula that some researchers proposed
[33]. The numerical algorithm in this section is not appli-
cable to the LE source passing through an inhomogeneous
medium if it contacts the boundary of fault anomaly. That
is, when the LE source passes through two different inho-
mogeneous media, the propagation equation of current
density needs to be deduced again. It is worth noting that
if there is an underlaid anomaly beneath the tunnel floor,
it will generate a minimum and maximum fluctuation on
apparent resistivity curves and interfere with the predic-
tion of anomaly positions ahead of the tunnel face.

Figure 4 shows the calculated offset results (xmin) for
water-rich faults at different real horizontal distances ðd =
40m, 80m, 12mÞ and different lengths of the LE source ðL
= 10m, 20m, 30m,⋯, 110m, 120mÞ. On these numerical
results, we proposed an equation by a multivariable linear
regression method as follows:

dpre = f xmin, Lð Þ = axmin + bL + c: ð6Þ

dpre denotes the predicted distance of the water-rich fault
anomaly ahead of the tunnel, xmin is the offset corresponding
to abscissa of the minimum apparent resistivity value, three
coefficients are a = 4:605, b = −2:634, and c = 10:235, respec-
tively. Statistics results show that the fitting R-square is equal
to 0.992, indicating that this equation is highly feasible. This
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Figure 5: Results of LE prediction model.

Table 1: The influence of real distance and length of LE source on
apparent resistivity curve and their prediction distances and errors.

Distance
(m)

Offset
(m)

Length
(m)

Predicted distance
(m)

Error
(%)

d = 40 xmin = 13 L = 10 dpre = 43:75 -3.75

d = 40 xmin = 17 L = 20 dpre = 35:83 4.16

d = 40 xmin = 25 L = 30 dpre = 46:33 -6.33

d = 40 xmin = 29 L = 40 dpre = 38:40 1.59

d = 80 xmin = 43 L = 50 dpre = 76:53 3.46

d = 80 xmin = 49 L = 60 dpre = 77:82 2.17

d = 80 xmin = 55 L = 70 dpre = 79:10 0.89

d = 80 xmin = 63 L = 80 dpre = 80:39 -0.39

d = 120 xmin = 75 L = 90 dpre = 118:52 1.47

d = 120 xmin = 81 L = 100 dpre = 119:80 0.19

d = 120 xmin = 87 L = 110 dpre = 121:09 -1.09

d = 120 xmin = 93 L = 120 dpre = 122:38 -2.38
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prediction model for the LE source is based on the pole-
dipole array.

Figure 5 shows the results of this prediction model by
Equation (6). The colored dots represent the numerical
results of the predicted distance from the minimum offset,
and the lines represent the real distance of the fault anomaly.
Most of the predicted results are consistent with the real
fault distance, and the error of a few points is small, which
indicates that the fitting of the prediction equation is
accurate.

Table 1 lists detailed data information, which shows the
specific impact of the actual distance and the length of the
LE source on the apparent resistivity curve and error analy-
sis from the prediction model. The maximum error of only
one point is 6.33%, and the result error of 91.6% is accept-
able. The proposed prediction equation introduces firstly
the LE source into detecting the fault anomaly in the tunnel.
The LE source way can be used quantitatively to estimate the
location of the anomaly, which increases the detection ability
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Figure 6: Numerical model of LE source and its finite element mesh.

100

90

80

70

60

50
0 20 40 60 80 100

Offset (m)
120 140 160 180 200

Ap
pa

re
nt

 re
sis

tiv
ity

 (𝛺
 m

)

LE: d = 20 m
LE: d = 30 m
LE: d = 40 m
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to the water-rich fault and improves the construction effi-
ciency. The LE source can still observe obvious anomaly sig-
nal of apparent resistivity curve when the real horizontal
distance reaches 120m, which indicates that the LE predic-
tion model has good applicability ability for detecting the
long-distance anomaly.

4.2. Comparison of Prediction Models. Next, we discuss the
comparison of the prediction models calculated by the LE
source method and the PE source method. For more conve-
nience in comparisons of prediction models between the LE
source and PE source, the prediction formula of the PE
source method is given [3].

dpre = f xmin, λð Þ = c1xmin + c2 + c3λ, ð7Þ

where dpre represents the predicted distance of anomaly,
xmin is the offset of the minimum apparent resistivity, λ rep-
resents the anisotropic coefficient (λ = 1), and the coeffi-
cients are c1 = 0:302, c2 = 0:802, and c3 = −1:48.

First of all, the LE source model is simulated. It is
assumed that there is a vertical fault anomaly in front of
the tunnel face, which is used to simulate the low resis-

tance distribution of the water-bearing fault, and then
the PE source model is simulated to compare the LE
source model. The LE source is located at point O. Its
model has been shown in Figure 6, The thickness of the
fault is 10m, and the depth of tunnel is 500m, the tunnel
size is 200m × 4m × 4m, the air of tunnel has a resistivity
of 108 Ωm, and a lot of potential electrodes are placed at
the tunnel floor with an interval of 2m. The surrounding
rock is 100Ωm, and the fault is 10Ωm. The fault dimen-
sion is 1800m × 10m × 900m, and the whole model
domain is enough large. By changing the horizontal dis-
tance of the fault (d = 20m, 30m, 40m) and keeping the
LE source with a length of L = 5m, we calculated three
LE source models. Behind the tunnel face, 100 potential
electrodes are used to observe the results.

Figure 7 shows the apparent resistivity results of the LE
source method with the actual horizontal distance of 20m,
30m, and 40m, respectively. We can know that when the
real horizontal distance is small (d = 20m), the offset corre-
sponding to the abscissa of the minimum apparent resistiv-
ity is also small. Besides, with the increase of the actual
distance, the offset corresponding to the abscissa of the min-
imum apparent resistivity also rises, and the relative
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Figure 8: Numerical model of PE source and its finite element mesh.
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amplitude of the anomaly response becomes smaller and
smaller. But the low resistivity signal of apparent resistivity
at d = 20m can still be observed. This is consistent with
the trend of the PE source [6, 32].

To compare the detection effect of the LE source method
and the PE source method under the same conditions, a PE
source is arranged at the same position of the tunnel face as
the above LE model. Liu and Wu [32] mentioned that the PE
source method has a small detection depth for the anomaly
due to the inaccessibility of the tunnel face. Therefore, the
fault water-bearing anomaly is assumed at different dis-
tances ahead of the face as a comparative discussion, and
the PE model is shown in Figure 8.

Figure 9 shows the apparent resistivity curves of the PE
source method with the actual horizontal distance of 20m,
30m, and 40m, respectively. We can see that when the actual
horizontal distance is distributed in a short distance (d = 20m
), the curve can also observe the offset position of the mini-
mum value, which indicates that the PE source can detect
the anomaly at this depth. However, when the actual horizon-
tal distance is 40m, it is hard to find theminimum offset in the
apparent resistivity curve, which means that the detection
effect of the PE source at a large depth is not ideal.

Figure 10 shows the numerically predicted results
obtained by the above LE prediction model and PE predic-
tion model [3]. The colored lines represent the actual hori-
zontal distance of the fault, the red triangle points denote
the predicted distances of the LE prediction model, and the
blue dots denote the predicted distance obtained from the
PE prediction model.

Table 2 shows the detailed results and error analysis of
the predicted distances calculated by the prediction models
of the LE source and PE source. The results show that the
predicted distance error of the LE source is small, and the
absolute value of the maximum error is not more than
3.72%. It can accurately predict the position of both a
short-distance anomaly and a long-distance anomaly. The
distance error calculated by the PE source is very accurate

at a short distance (d = 20m) with only 0.80% error. But
the predicted distance does not match the real distance of
the fault at a long distance (d = 30m). Therefore, the effec-
tive detection depth of the LE source prediction model is
greater than that of the PE source. This method is the inno-
vation and development of the PE source prediction model
for tunnel exploration under the favorable conditions of
using pilot drilling.

5. Conclusion

In the process of tunnel excavation, owing to the imper-
meability of the tunnel face, the detection effect of the
conventional PE source for a long-distance anomaly ahead
of the tunnel face is limited, and it could not accurately
detect the location of the remote anomaly in front of the
tunnel. Based on three-dimensional modeling of the LE
source resistivity method, this paper simulates a fault
model ahead of the tunnel, obtains apparent resistivity
curves response of the LE source method, and uses the

Table 2: Predicted results of LE and PE prediction models for
tunnel detection and their errors.

Distance (m)
Prediction
model

Offset (m)
Predicted

distance (m)
Error (%)

d = 20 PE xmin = 69 dpre = 20:16 0.80

d = 20 LE (L = 5m) xmin = 5 dpre = 20:09 0.45

d = 30 PE xmin = 143 dpre = 42:50 41.6

d = 30 LE (L = 5m) xmin = 7 dpre = 29:30 -2.33

d = 40 PE / / /

d = 40 LE (L = 5m) xmin = 9 dpre = 38:51 -3.72
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Figure 9: Apparent resistivity profiles of the PE source at different
distances.
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minimum offset to put forward the prediction model of
the LE source in the tunnel. The errors of 91.6% predicted
distances calculated by the LE source are very small, which
indicates that the LE source prediction model is accurate
and reliable. It can quantitatively guide the tunnel sur-
veyors with the LE source method to estimate the position
of the remote water-containing disaster anomaly. The sim-
ulated results show that the offset value corresponding to
abscissa of the minimum apparent resistivity can still be
extracted for the anomaly with a distance of 120m, which
demonstrates that the LE source method has good adapt-
ability and detection ability for the long-distance anomaly.
Based on the same parameters, comparisons of the LE
source and PE source show that the prediction model of
the LE source can accurately estimate the remote anomaly
location. The LE source method makes good use of the
tunnel horizontal pilot drilling hole to increase the detec-
tion signal and detection depth. It can improve the con-
struction efficiency, and effectively prevent water inrush
in the tunnel. In the practical application of tunnel explo-
ration, it is recommended to widely use the LE source
method.
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