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ABSTRACT

The ground-tunnel transient electromagnetic method (TEM) is a geophysical 
prospecting method in which electromagnetic waves are emitted into the ground and 
measurements are taken in an underground tunnel. Based on the monotonic relation-
ship between vertical magnetic induction intensity and apparent resistivity, this paper 
puts forward an idea for finding a unique solution and/or multiple solutions of the 
full-domain apparent resistivity of ground-tunnel TEM according to the inverse func-
tion theorem. It mainly involves calculating and analyzing the response characteris-
tics of the full-domain apparent resistivity curves of four different geoelectric models 
H, K, A, and Q in different positions to changes in such parameters as formation 
resistivity. The results show that full-domain apparent resistivity calculated using 
vertical magnetic induction intensity can accurately reflect the electrical distribution 
laws of different geoelectric models. When the formation parameters and receiving 
point positions change, the full-domain apparent resistivity curve shape changes ac-
cordingly. The change is specifically expressed in the time order and amplitude, and 
can accurately reflect formation information. Finally, combined with the characteris-
tics of ground-tunnel TEM, full-domain apparent resistivity with different offsets is 
calculated. The results show that full-domain apparent resistivity curves with differ-
ent offsets are consistent, with little differentiation. The analysis of the full-domain 
apparent resistivity of ground-tunnel TEM can lay a theoretical foundation for the 
interpretation of this method.
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1. INTRODUCTION

With the increase in coal mining depth, the hydrogeo-
logical conditions of mines are becoming more and more 
complicated, and coal mine water inrush disasters seriously 
threaten the safe production of coal mines (Wu 2014). As 
a low-frequency electromagnetic geophysical prospecting 
method, the transient electromagnetic method (TEM) is 
widely used for hydrogeological disaster prediction in coal 
mines (Xue et al. 2012, 2018a, b, c; Jiao et al. 2016). In 
ground TEM, as it is located far from the hydrogeological 
target, resolution cannot be assured in either the horizontal 
and vertical direction. Mine TEM is widely used in the pre-
diction of goaf water, column collapse and mine disaster 
water sources, but some problems remain such as the coil 

mutual inductance problem, full space effect and metal in-
terference in the tunnel (Li et al. 2013; Liu 2014; Zhou et 
al. 2014; Chang et al. 2016). Ground-tunnel TEM (Meng 
and Pan 2012; Li et al. 2015, 2016; Jiao 2016) is proposed 
by the integrating the advantages of both ground TEM and 
mine TEM. This method achieves high power transmission 
while realizing such advantages as the closer distance of the 
receiving device to the target, good coupling, large explora-
tion depth and high resolution of abnormal bodies. How-
ever, due to the separation of the field source and observa-
tion system in the vertical direction, the spatial distribution 
characteristics of the observed secondary field are different 
from those of ground and mine TEM. The interpretation of 
the reconnaissance data is also different from that of data 
obtained using ground and mine TEM.

Apparent resistivity is the most widely used interpreta-
tive parameter in TEM (Wang et al. 2019; Yen et al. 2019). 
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In the data analysis, the later-stage apparent resistivity of the 
central loop is commonly used for calculation. However, 
when the approximate conditions are not satisfied, the ap-
parent resistivity curve will be distorted and contain errors. 
As the offset increases, the error gradually increases (Qiang 
et al. 2010; Qi et al. 2011a, b). Full-domain apparent resis-
tivity can effectively solve this problem. Bai Chenghai and 
Zhu Ningjun proposed a numerical calculation method for 
calculating the whole resistivity of the central loop using the 
kernel function (Bai et al. 2003; Zhu 2015). Cui Jiangwei 
calculated full-domain apparent resistivity based on the rela-
tionship between magnetic induction intensity and resistivity 
(Cui et al. 2015). These studies have played an important 
promotional role in the accurate interpretation of transient 
electromagnetic data.

Both the measurement points and emission loops of 
ground-tunnel TEM have offsets in both the vertical and 
horizontal direction. At present, there is no published anal-
ysis of the apparent resistivity curve characteristics of the 
method, so it is necessary to study the resistivity character-
istics of ground-tunnel TEM in different geoelectric models 
in order to gain a more intuitive and reliable interpretation 
method for the reconnaissance method.

2. FULL-DOMAIN APPARENT RESISTIVITY 
CALCULATION OFGROUND-TUNNEL TEM

2.1 Analysis of Vertical Magnetic Induction Intensity 
and Induced Electromotive Force Response 
Characteristics

Apparent resistivity is usually defined in two way: by 
vertical magnetic induction intensity (Bz) and by the time 
derivative of vertical magnetic induction intensity ( )B dtz2  
(induction electromotive force). With the development and 

promotion of fluxgate probes, it is possible to directly cal-
culate apparent resistivity using vertical magnetic induction 
intensity. Many scholars have also verified the advantages 
of defining apparent resistivity using magnetic field inten-
sity (Chen et al. 2012; Zhao et al. 2016). The vertical mag-
netic field of the rectangular return line can be obtained via 
the numerical integration of the TE expression of the hori-
zontal electric dipole along the return line (Li et al. 2011). 
The frequency domain and time domain conversion can be 
obtained from the sine and cosine variations.

Figure 1 is a schematic of a rectangular loop with a 
length and width of 2L and 2W respectively. The coordi-
nate origin (0, 0, 0) is located at the geometric centre of the 
rectangular loop, and the Z axis is vertically downward. The 
small horizontal galvanic source coordinates are (x’, y’, 0) 
and the receiving point coordinates are (x, y, z), flowing in a 
clockwise direction, the current I is passed through the loop.

The vertical magnetic induction at the (x, y, z) point can 
be obtained by superimposing the magnetic fields excited 
by the AB side, BC side, CD side, and DA side.
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Where I is the current intensity, ( ) ( )x x L y /
L
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Fig. 1. Schematic of rectangular loop.
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( ) ( )W x y y /
W

2 2 1 2t = - - + -- l6 @ , W and L are the half-length 
and half-width of the rectangular loop, m  is the wave  
number, J0 is the zero-order Bessel function, J1 is the first-
order Bessel fuction, an and bn are amplitude coefficients.

Figure 2 is a schematic diagram of a uniform geodetic 
model and a ground-tunnel TEM observation system. Model 
parameters: the rectangular emission loop is 500 m in length 
and 500 m in width, and the emission current is 1A. The cur-
rent direction is shown by the arrow in the figure. The origin 
of the coordinate system is at the centre of the rectangular 
loop. The coordinate system is as shown in the figure. The 
observation coordinates are Rx(x, y, z) with unit in meters.

Figure 3 shows the variation curve of the receiving 
point responses of the ground-tunnel TEM at different 
depth B dtz2  responses and Bz responses at different times 
changing with the change of the uniform geoelectric model 
resistivity. It can be seen from the figure that, the curve of 
B dtz2  changing with the resistivity is not a monotonic, 

and the curve shape is comparatively complicated. With the 
increase of the receiving point depth, no effective B dtz2  
value can be obtained at the early stage; and Bz is a mono-
tonic function when changing with the resistivity, but the 
resolution of the early stage data is low.

Figure 4 shows the variation curve of B dtz2  and 
Bz’s response at different moments to the uniform geodetic 
model resistivity change when the ground-tunnel TEM re-
ceiving points are at the same depth but with different off-
sets. With the change of the offset, the B dtz2  curve shape 
shows no obvious change, and the B dtz2  response is still a 
non-monotonic function with the resistivity; although the Bz 
curve shape is simple, as the offset changes, the curve shape 
first rises and then falls; and when there is an offset, the 
response is also a non-singular value function of resistivity.

2.2 Calculation of Full-Domain Apparent Resistivity

According to Yin and Piao (1991) and inverse function 
theory, this paper considers the relationship between verti-
cal magnetic induction Bz and the resistivity parameter as a 
two-valued function consisting of two monotonic functions.

Figure 5 shows the apparent resistivity calculation pro-
cess of Ground-Tunnel TEM. For a function with a unique 
solution, if the Bz response is the monotonic function of the 
resistivity, it can be known that a unique resistivity corre-
sponds to the Bz value according to the inverse function the-
orem. The Taylor formula is used to expand the Bz integral 
expression into series form to obtain the main linear part, 
establish the iteration relation of apparent resistivity and ar-
rive at the solution in this paper.

For a function with two solutions, the dichotomy meth-
od (Cui et al. 2015; Zhao et al. 2016) is used to calculate the 
extreme point sextret  within the given resistivity range, cal-
culate s1t  and s2t  respectively within the resistivity value 
ranges ( , )mins sextret t  and ( , )maxsextre st t  and select a proper 
value as the final solution st .

To validate the effectiveness of the above calculation 
concept of the full-domain apparent resistivity of ground-
tunnel TEM, the uniform earth model is calculated as a trial. 
The model’s parameters are described as follows: uniform 
earth resistivity is 100 m:t X= , the transmission current is 
1A, the rectangular loop is 500 m in both length and width, 
the time window is 10-5 - 10-1 s, the coordinate system origin 
is located at the center of the rectangular loop and the mea-
surement point coordinate is marked as Rx.

Figure 6 shows that the ground-tunnel full-domain 
apparent resistivity used to calculate the vertical magnetic 
induction intensity approximates to the true uniform earth 
resistivity and the error of the relative error curve pair is less 
than 5‰, which indicates that the calculation method of the 
full-domain apparent resistivity of ground-tunnel TEM de-
fined using vertical magnetic induction intensity is feasible.

3. RESULTS ANALYSIS OF FULL-DOMAIN 
APPARENT RESISTIVITY CURVE 
CHARACTERISTICS OF GROUND-TUNNEL 
TEM

To further analyse the full-domain apparent resistiv-
ity curve characteristics of ground-tunnel TEM and provide 
foundational information in the actual exploration process, 

Fig. 2. The uniform geodetic model and Ground-Tunnel TEM observation system.
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(a) (b) (c)

(d) (e) (f)

Fig. 3. Response curves of B dtz2  and Bz receiving point at different depth; (a) Rx(0, 0, 0), B dtz2 ; (b) Rx(0, 0, 500), B dtz2 ; (c) Rx(0, 0, 1000), 
B dtz2 ; (d) Rx(0, 0, 0), Bz; (e) Rx(0, 0, 500), Bz; (f) Rx(0, 0, 1000), Bz.

(a) (b) (c)

(d) (e) (f)

Fig. 4. Response curves of B dtz2  and Bz receiving point at different offsets; (a) Rx(0, 0, 500), B dtz2 ; (b) Rx(99, 104, 500), B dtz2 ; (c) Rx(190, 
210, 500), B dtz2 ; (d) Rx(0, 0, 500), Bz; (e) Rx(99, 104, 500), Bz; (f) Rx(190, 210, 500), Bz.
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Fig. 5. Flow chart of full-domain apparent resistivity calculation of Ground-Tunnel TEM.

(a) (b)

Fig. 6. Full-domain apparent resistivity and relative error curves of homogeneous earth model of Ground-Tunnel TEM; (a) full-domain apparent 
resistivity; (b) relative error.
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a series of one-dimensional models is selected for calcula-
tion and analysis in this paper: H, K, A, and Q geoelectric 
models. This paper further analyses the response character-
istics of the full-domain apparent resistivity curves of re-
ceiving points changing with the stratum parameters at dif-
ferent depths and offsets according to the method features 
of electromagnetic wave emission in ground launching and 
electromagnetic wave receiving in the tunnel.

3.1 Analysis of Calculation Examples of Full-Domain 
Apparent Resistivity

Four geoelectric models have been designed to change 
second stratum resistivity. Figures 7 to 10 show the full-
domain apparent resistivity curves of ground-tunnel TEM 
in the H, K, A, and Q geoelectric models. By comparing 
the curves of the four geoelectric models, we can be that 
the full-domain apparent resistivity curves of all four geo-
electric models can reflect the electric structure of corre-
sponding stratum when the receiving point is located on 
the earth’s surface. The starting and ending branches of the 
curves approximate the resistivity values of the first and 
third strata respectively. The curves diverge in the middle. 
The response amplitude of the full-domain apparent resis-
tivity curve increases with the increase in the differences 

between the second stratum resistivity values and the first 
and third stratum resistivity values.

When the receiving point is located within the first 
stratum, the full-domain resistivity curve shape is roughly 
consistent with the curve shape when the receiving point is 
located on the surface. Compared to the receiving point on 
the earth’s surface, this receiving point is close to the sec-
ond stratum. The full-domain apparent resistivity curve can 
reflect the electric information of the second stratum earlier, 
and the response amplitude is greater.

When the receiving point is located within the second 
stratum, the first branch of the full-domain apparent resistivi-
ty curve will change as the second stratum resistivity changes 
and the change trend of the branch is the same as that of the 
second stratum resistivity. The full-domain apparent resistiv-
ity can reflect the electric information of the second stratum 
relatively earlier, and its response amplitude is greater.

When the receiving point is located within the third 
stratum, the first branch of the full-domain apparent resis-
tivity approximates the third stratum resistivity. With the 
increase of observation time, the apparent resistivity curve 
quickly shows the electric information of the second stra-
tum, but the response amplitude will reduce. As the obser-
vation time increases, a flat section will appear in the appar-
ent resistivity curve. This flat section can be used to judge 

(a) (b)

(c) (d)

Fig. 7. Full-domain apparent resistivity curves of H type geoelectric model; (a) Rx(0, 0, 0); (b) Rx(0, 0, 100); (c) Rx(0, 0, 200); (d) Rx(0, 0, 500).
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(a) (b)

(c) (d)

Fig. 8. Full-domain apparent resistivity curves of K type geoelectric model; (a) Rx(0, 0, 0); (b) Rx(0, 0, 100); (c) Rx(0, 0, 200); (d) Rx(0, 0, 500).

(a) (b)

(c) (d)

Fig. 9. Full-domain apparent resistivity curves of A type geoelectric model; (a) Rx(0, 0, 0); (b) Rx(0, 0, 100); (c) Rx(0, 0, 200); (d) Rx(0, 0, 500).
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the thickness of the second stratum. The ending branch then 
approximates to the third stratum resistivity value.

It can be observed from the above curve characteristics 
that the depth at the receiving point greatly affects the full-
domain apparent resistivity curve of this method, but it can 
reflect the electric structure of the corresponding stratum.

3.2 Influences of Offset on Full-Domain Apparent 
Resistivity

By combining the characteristics of the receiving de-
vices in this method, the receiving point is placed at differ-
ent strata z = 0, 100, 200, 500 m. The full-domain apparent 
resistivity is simply computed when the offsets are differ-
ent. The coordinates of the receiving points are (0, 0, z), (50, 
50, z), (99, 104, z), and (190, 210, z).

This paper has selected the full-domain apparent resis-
tivity curves of the ground-tunnel TEM on the H-type geo-
electric cross section and K-type geoelectric cross section 
with obvious curve forms at different offsets. As shown in 
Figs. 11 and 12, when the receiving points are located in 
different strata, the full-domain apparent resistivity curve 
shapes with different offsets are consistent and the differ-
ences among them are minor. This indicates that full-do-
main apparent resistivity of ground-tunnel TEM calculated 

using vertical magnetic induction intensity is applicable to 
the measurement when the offsets are different.

4. CONCLUSIONS

(1)  Based on the monotonic relationship between vertical 
magnetic induction intensity and apparent resistivity, an 
idea for finding a unique solution and/of multiple solu-
tions for the full-domain apparent resistivity of ground-
tunnel TEM is proposed according to the inverse func-
tion theorem, allowing the calculation of the full-domain 
apparent resistivity of ground-tunnel TEM.

(2)  The response characteristics of the full-domain apparent 
resistivity curves of different geoelectric models chang-
ing in accordance with the stratum parameters are ana-
lysed when the receiving points are located within dif-
ferent strata. When the stratum parameters and receiving 
point positions change, all the changes of the full-do-
main apparent resistivity curves will be reflected in their 
time sequences and amplitudes. The characteristic of 
full-domain apparent resistivity curves of this method 
can effectively reflect stratum information.

(3)  Regarding the calculation of full-domain apparent resis-
tivity at different offsets, the full-domain apparent re-
sistivity curve shapes are consistent and the differences 

(a) (b)

(c) (d)

Fig. 10. Full-domain apparent resistivity curves of Q type geoelectric model; (a) Rx(0, 0, 0); (b) Rx(0, 0, 100); (c) Rx(0, 0, 200); (d) Rx(0, 0, 500).
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(a) (b)

(c) (d)

Fig. 11. Full-domain apparent resistivity curves of H type geoelectric model at different offsets; (a) z = 0 m; (b) z = 100 m; (c) z = 200 m; (d) z = 500 m.

(a) (b)

(c) (d)

Fig. 12. Full-domain apparent resistivity curves of K type geoelectric model at different offsets; (a) z = 0 m; (b) z = 100 m; (c) z = 200 m; (d) z = 500 m.
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among them are minor, which indicates that this inter-
pretation method is applicable to geological prospecting 
with different offsets.

(4)  Because the receiving points of ground-tunnel TEM 
are located in underground tunnels, the characteristics 
of the full-domain apparent resistivity curves are great-
ly affected by the depths of the receiving points. The 
characteristic of full-domain apparent resistivity curves 
at different receiving point depths provides theoretical 
references for the practical applications of this method.
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