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Abstract: Within the roadway advanced detection methods, DC resistivity method has an extensive application because of its simple
principle and operation. Numerical simulation of the effect of focusing current on advanced detection was carried out using a
three-dimensional finite element method (FEM), meanwhile the electric-field distribution of the point source and nine-point power
source were calculated and analyzed with the same electric charges. The results show that the nine-point power source array has a
very good ability to focus, and the DC focus method can be used to predict the aquifer abnormality body precisely. By comparing the
FEM modelling results with physical simulation results from soil sink, it is shown that the accuracy of forward simulation meets the
requirement and the artificial disturbance from roadway has no impact on the DC focus method.
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1 Introduction

With the construction of high speed railway,
highway and submarine tunnel, geologic disasters always
play a main threat on the safety of tunnel and
underground engineering construction. For these
geologic disasters, underground water plays an important
role. For example, karst cave, underground river, karst
sink hole, karst muddy belts, water-saturated and fracture
zone [1], all these can cause difficulty and harmness on
the construction and operation of tunnel and underground
engineering. Tunnel geological hazard forecasting plays
an important role in avoiding these geological hazards.
Presently, there are many methods used in the field of
tunnel geological hazard forecasting and these methods
have their own advantages and applications. But there
are some unsolved problems in the exploration of
unfavorable geology body in tunnel filled with water
which is the main point of this study [2,3].

In recent years, a great progress has been made in
advanced detection technology, and a bunch of advanced
detection methods have been developed, such as seismic

reflection method, Rayleigh wave method, DC resistivity
method and ground penetrating radar method, meanwhile
their instruments have been developed, which makes an
important contribution to predicting the underground
geological disasters [4—9]. A new method, i.e., DC focus
method for advanced detection is proposed and
developed in roadways, and simulated several tunnel
models under the focus surveying condition using a 2-D
finite element method for anomaly potentials [10—12].
The modelling results show that this method can be used
to model the anomaly. ZHOU et al [13] and YANG et al
[14] carried out clay testing and conductive paper testing
respectively for the focus advanced detection method to
demonstrate its feasibility. QTANG et al [15] and RUAN
et al [16] developed three kinds of -electrode
combinations, e.g., four-point power source, five-point
power source and nine-point power source. In addition,
the potential distributions of the three electrode systems
are calculated by 3D FEM, and the nine point power
source mode has a good current focusing performance. It
is shown that when the main electrode current is less
than the shield electrode current, the focusing effect
is the best. Finite element numerical method is used to
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simulate the advanced detection in 3D roadway space for
DC focus method. Compressed storage technology and
preconditioned iterative algorithm significantly improves
the efficiency of forward modelling.

In this work, 3D finite element method was used to
simulate the effect of focused advanced detection, and
calculate and analyze the electric-field distribution of the
point source and nine-point power source with the same
electric charge.

2 DC focus method

In the DC focus method, shielding electrodes are
placed around power supply electrodes, which forces the
electric field of power supply electrodes to have certain
direction, achieving focusing current, removing the side
anomalous body interference. In order to achieve the
current focus, electrode arrangement is set to be circular,
polygonal or other shape, as shown in Fig. 1(a). Nine-
point power source shown in Fig. 1(b) is adopted.
Shielding electrode beam A and potential electrode beam
M;—M, are symmetrically distributed in the working
square face and power supply electrode A, is located at
the centre of shielded electrode beam and measuring
electrode beam. B pole and N pole are arranged at
infinity beyond roadway. Shielding electrode beam and
power supply electrode respectively supply a current of
1 A at the same time and any potential electrode of
M;—M, can be used as recievers, or all of them are
simultaneously used.

3 3D finite element numerical simulation
method

The basic equation of point source electric potential
in the steady current field is given by Eq. (1).

V-(oVu)=-V-j (1)

where o is the conductivity; u is the electric potential and
j is the current density. After making some
transformation on Eq. (1), a 3D differential equation is
obtained according to the integral of function J in half
space as
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where [ is the electric current; n is the direction of the
outer normal line in the boundary; [ is the interface
between the medium and air; 7 is the radius vector from
the source point to a boundary point; /,, means infinitely
far away from the source; £ is the mesh area and /" is the
boundary.

The whole area is divided into two parts as shown
in Fig. 2, one is the target area, the other is the mesh
boundary area. The target body is located in an area near
the roadway and a uniform mesh subdivision pattern is
used. The grid boundary area is used to improve the
precision of numerical simulation. Small to large uneven
subdivisions are used to simulate the infinite boundary
and the mesh size changes in Fibonacci sequences.

In order to improve the near field source potential
calculation accuracy, an abnormal potential finite
element method is adopted. Firstly, hexahedral elements
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Fig. 1 Schematic diagrams of working face electrode arrangement: (a) Focus detection method model; (b) A—-M—A, array
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Fig. 2 Schematic diagram fo

are used to divide area Q, and the integral is decomposed
into sum of each unit; secondly, without losing the
calculation precision, the integral equation is simplified
by homogeneous boundary condition to improve the
calculation efficiency. From each sub-element integral, a
linear system equation is obtained.

Ku=—K'u, (5)

where K and K’ denote the coefficient matrices; U
denotes the calculated abnormal potential column vector
and U, denotes the normal potential column vector. By
solving Eq. (5), the abnormal potential value of each
node is achieved.

4 Electric potential distribution of DC focus
method

In order to examine the validity of focusing current
method, the focusing current field and point source field
distribution is calculated. In this model, the resistivity of
exterior medium beyond the roadway is 1000 Q-m, and
the cross section size of the roadway is 8 mx8 m. Both
the potential distribution on X—Z cross-sections are
achieved, which are shown in Fig. 3. The isoline
represents equal potential, and the directions of the
arrows represent the current direction. It can be seen
clearly, for focusing current field, the focusing field has
the mutually exclusive characteristics, which makes the
current mainly flow along the excavating direction of
working face. In contrast, the resulting current for a point
source at Z=0 spreads out the whole area. Table 1 lists
the potential value of X direction along the working face
for Z=0. From the table, it can be intuitive to conclude
that the potential from focusing method is far larger than
that produced by the point source. Near the power supply,
focusing current field produces potential values that are 3
times larger than the point source. The farther it is from
the power supply, the larger the ratio of focusing current
induced potential to the point source produced potential.

When it is 10 m away from the power supply, the
potential value produced by focusing current field is
about 7 times of the potential value produced by point
source field. The comparison of results clearly shows the
capability of advanced detection in focusing current
field.

Zim

Zim

Fig. 3 Potential distribution of field on X—Z section: (a)
Focusing field; (b) Point source field

Table 1 Comparison between point source potential and
focusing current potential

Data recorded

position UimV
X/m Z/m Point source field Focusing current field

0 0 0 0

1 0 113.76 330.36
2 0 55.74 238.00
3 0 37.39 193.27
4 0 27.30 160.20
5 0 21.30 135.76
6 0 17.32 117.16
7 0 14.53 102.56
8 0 12.47 90.99
9 0 10.90 81.60
10 0 9.67 73.88
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Figure 4 shows the focusing electric current field in
the tunnelling direction (X direction), when the working
face is located at X=0. The potential distribution of X
direction in Y—Z section for the model is shown in Fig.
3. The picture illustrates that the focusing electric field
method can make the forward current focusing in the X
direction, which is fundamental for its directional
observation. Through the analysis of the distribution of
the electric field in tunnelling direction of X—Z section
and Y—Z section, it is proved that DC focus method has
the ability to focus on current, and it is better than that
generated by a single point source.

5 Accuracy analysis

5.1 Model 1

Model 1 shown in Fig. 5(a) is a three-layered media.
The top layer has a resistivity of p;= 50 Q'm and a
thickness of #,=30 m. The second layer has a resistivity
of p,= 20 Q'm and a thickness /#,=80 m. The third layer
is a uniform half-space with a resistivity p;= 100 Q-m.
The analytical potential can be obtained by a digital
linear filter, and the measured array is symmetrical
four-poled. The FEM takes 566.1 s for a grid with
36x30%30=32400 nodes. Table 2 lists the comparison
between the analytical solution and the potential yielded
by unit current point-source using abnormal potential
method. The maximal error between the analytical

Xiao-kang DENG, et al/Trans. Nonferrous Met. Soc. China 23(2013) 2187-2193

solution and the numerical solution is 1.6% and the
average error between the analytical solution and the
numerical solution is 0.5%. It can be seen that this
precision can meet the requirement, as shown in
Fig. 5(b).

5.2 Physics experiment test

In order to verify the correctness of the method,
adopted numerical simulation and physical simulation
are compared, indicating the numerical simulation for the
model and physical experimental results are consistent.
In the experiment, the half space medium is composed of
clay, roadway cross section modelled by a square with
width of 14 cm and surrounding rock (uniform clay)
resistivity of about 100 Q-m. The dimensions of the soil
slot size are 150 cmx120 cmx80 cm. A copper body is
used as the anomaly, the dimensions are 15 cmx15
cmx0.4 cm, and its resistivity is about 1 Q-m as shown in
Fig. 6(a). When the experiment begins, the anomalous
body is located far from the working face. Then, the
anomalous body is moved to the woking face, d denotes
the distance between the working face of roadway and
the geometric-centre of the recorded abnormal body. In
order to reduce the error, each survey points are repeated,
with potential U measured. For the convenience of
intuitive comparison, the normalized potential U/Uj is
used, Upand U represent the potential difference between
the potential electrode and infinity for the model without

% 4 o 4 8 B -4 o 4 8 ¥ -4 o0 4 8
Y/m Y/m Y/m
(d) (e ()

Fig. 4 Potential distribution of focusing current field on Y—Z section: (a) X=0; (b) X=1 m; (¢) X=2 m; (d) X=3 m; (¢) X=4 m;

(O X=5m;
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Fig. 5 Comparison of analytical and numerical solution over
three-layered model, source point O is located at origin of

coordinate system

Table 2 Comparison between numerical and analytical

solutions for Model 1

Analytical Numerical

AOmution/(@m)  solution/(@m) O
32 50.0 50.0 0.0
46 50.0 50.0 0.0
6.8 49.9 49.9 0.0
10.0 49.8 49.8 0.0
147 49.5 49.5 0.0
215 48.5 48.5 0.1
31.6 46.1 46.1 0.0
46.4 413 412 02
68.1 34.9 34.6 0.9
100 30.0 297 1.0
146.8 30.1 30.2 0.3

2154 35.6 36.1 15

3162 44.7 454 1.6

4642 55.4 56.1 13

6813 66.3 66.9 0.8

abnormal body and potential with abnormal body in
working face, respectively. Figure 6(b) shows the
distribution of the normalization potential U/U, along the
excavation direction from numerical simulation and
physical modelling. The results indicate that the data

from finite element numerical simulation are basically
consistent with the soil sink simulation data, even though
some minor differences exist at one end of the curve. The
results indicate that the roadway DC focus method is
feasible and the simulation is reliable.
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Fig. 6 Comparison between simulation and calculation results:

(a) Soil bin model; (b) Abnormal curve

5.3 Model 2

So far, DC focusing simulation is based on simple
models without considering the interference of lateral
anomalous bodies and the influence of the roadway.
Simple models are usually not the case in practice, e.g.,
the existence of the geological body, and other anomalies,
such as cavity, railway trail, transportation facility and
electric wire. Therefore, the study on DC focusing
interference caused by those bodies has a practical
significance. The model consists of a roadway with size
of 5 mx5 m, and a low resistivity body with dimensions
of 6 mx5 mx2 m, resistivity of 10 Q-'m, located at a
distance of 18 m before the working face. As shown in
Fig. 7(a). A copper plate with dimensions of 4 mx3 mx
2 m exists in the roadway, and it is located at a distance
of 3 m behind the working face, with surrounding rock
resistivity of 1000 Q-m. In Fig. 7(b) there are no obvious
differences in the results obtained from models with and
without metal body in the heading face of roadway. The
metal bodies existing in the roadway have little influence
on the advanced detection.
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Fig. 7 Influence of metal body in tunnel: (a) Schematic model;
(b) Abnormal curve

6 Conclusions

1) A 3D finite element numerical simulation was
developed to understand the method of focused advanced
detection.

2) The electric-field distribution of the point source
and nine-point power source is calculated and analyzed
with the same electric charge. The results show that the
array has a very good ability on focusing and the DC
focus method
abnormality body.

3) The comparison of FEM modelling results with
physical simulation results in the soil sink shows that the

can precisely detect the aquifer

accuracy of forward simulation meets the requirement
and the artificial disturbance from roadway has no
impact on DC focus method.
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