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Abstract: Steel infrastructure in tunnels significantly affects the accuracy of transient electromag-
netic (TEM) data inversion. This study proposes and compares two methods to effectively mitigate
this interference: the correction factor method and the prior information constraint method. The
correction factor method constructs correction factors using interference data obtained in two ways.
The first method, numerical simulation, is theoretically precise but relies heavily on accurate model
parameters and requires significant computational resources. The second is conducted by measuring
the interference data in the working space. While this approach is simple and operationally conve-
nient, its effectiveness in correction is limited by the measured data quality. The a priori information
constraint method improves the inversion by introducing a more accurate initial model. The inversion
results of synthetic data indicate that the inversion based on the correction factor method and the
prior information constraint method can effectively invert the anomaly. However, the delay effect
remains a challenge for the correction factor method. Finally, we invert the field data measured in a
mine tunnel by combining the interference processing methods.

Keywords: transient electromagnetic (TEM); tunnel detection; correction; prior information
constraint; inversion

1. Introduction

The transient electromagnetic method (TEM) is extensively used in mineral explo-
ration [1,2], hazard prediction [3,4], and hydrogeophysics [5,6]. The TEM offers high
sensitivity to low-resistivity bodies, ease of implementation, and independence from to-
pography. However, when applied in tunnels, TEM data often suffer from significant
interference from steel infrastructure such as supports and rails. This steel infrastructure
significantly impacts data quality and poses challenges for inversion, necessitating effective
interference mitigation techniques to enhance inversion accuracy.

Although the TEM is highly sensitive and advantageous for detecting low-resistivity
anomalies, this high sensitivity also makes it more susceptible to high-conductivity interfer-
ence [7,8]. Numerous studies have demonstrated that the proximity of steel infrastructure
to measurement stations can cause substantial distortions in electromagnetic fields [9–13].
This interference considerably affects the accuracy of inversion results in environments with
strong disturbances, such as water inrush detection in mine tunnels [14,15]. Geological pre-
dictions in tunnel excavation are susceptible to surrounding high-conductivity interference,
which leads to low accuracy in inversion interpretation [16]. In these cases, interference and
effective signals are intertwined and cannot be directly separated in the time or frequency
domains. Traditionally, methods such as constructing correction factors, initially developed
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to correct the geomagnetic and marine electromagnetic topography [17,18], have been
adapted to address metal interference in tunnel TEM data [19,20]. This involves generating
correction factors from actual measurements obtained with and without interference. How-
ever, the quality of the actual measured interference response cannot be guaranteed owing
to the influence of various noises in the tunnel, and the constructed correction coefficients
lack accuracy. Therefore, some scholars have examined the interference response through
numerical simulations to obtain a more accurate interference response. With numerical
simulation algorithms and computer equipment development, three-dimensional model-
ing, which discretizes the subsurface space into numerous small cells, has been developed
to simulate arbitrarily complex geology [21]. The response characteristics of a power line
and steel casing were analyzed using high-precision numerical simulations [22,23]. This
suggests the potential to discretize steel infrastructure using small cells and analyze their
response characteristics through numerical simulations. Therefore, incorporating the in-
terference factor into the initial inversion model as a known factor is a feasible approach.
In some cases, if additional prior information about the subsurface is available, it can be
incorporated into the inversion to obtain more accurate and realistic results [24].

Our algorithm was developed based on simulations and parameter estimation in
geophysics (SimPEG) [25,26]. SimPEG is an open-source Python framework designed
for forward simulations and parameter inversion in geophysics. We first analyzed the
impact of inversion effects before and after interference processing and confirmed the
necessity of such processing. Subsequently, we used synthetic data to assess the feasibility
of interference-processing methods. Finally, the field data collected in a coal mine tunnel
were inverted.

2. Methods
2.1. Forward and Inversion Theory

During the forward simulation, the electromagnetic response of the subsurface medium
is modeled by solving Maxwell’s equations [25,26].

∇× e +
∂b
∂t

= sm, (1)

∇× µ−1b − σe = se, (2)

where e is the electric field; b is the magnetic flux density; sm is the magnetic source
term; se is the electric source term; and µ and σ are magnetic permeability and electrical
conductivity, respectively.

An inversion algorithm from the SimPEG framework minimizes the objective func-
tion [26,27]. Optimization techniques, such as the gradient descent and conjugate gradient
methods, are employed to determine the optimal conductivity distribution.

m = argmin
m

∥∥∥Wd

(
dobs − dpred

)∥∥∥2

2
+ β

∥∥∥Wm

(
m − mre f

)∥∥∥2

2
, (3)

where β is an adjustable trade-off parameter; m and mre f are the model solution and refer-
ence model, respectively; Wd is a diagonal matrix; Wm is the model weighting matrix; and
dpred and dobs are the predicted and observed data of Nd × nchannel dimensions, respectively.
Nd is the number of measurement stations, while nchannel is the number of time channels.

2.2. Data Pre-Processing Methods

To analyze the effect of low-resistivity interference on inversion interpretation and
demonstrate the necessity of data preprocessing, we used the model shown in Figure 1 to
calculate the simulated data with and without interference. This study only focuses on a
simple model, although the interference in an actual tunnel is considerably more complex.
We set the resistivity and thickness of the interference to 1 Ω·m and 2 m in this model. Twenty
measurement stations were established, with 5 m spacing between every two stations. We
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used data from 20 measurement stations to perform the two-dimensional (2D) inversion
jointly. The data fitting curves for each measurement station are not compared; instead, the
data fitting curves for Station 1, Station 5, and Station 10 are presented.

Minerals 2024, 14, x FOR PEER REVIEW  3  of  15 
 

 

2.2. Data Pre‐Processing Methods 

To analyze the effect of low-resistivity interference on inversion interpretation and 

demonstrate the necessity of data preprocessing, we used the model shown in Figure 1 to 

calculate the simulated data with and without interference. This study only focuses on a 

simple model, although the interference in an actual tunnel is considerably more complex. 

We set the resistivity and thickness of the interference to 1 Ω·m and 2 m in this model. 

Twenty measurement stations were established, with 5 m spacing between every two sta-

tions. We used data from 20 measurement stations to perform the two-dimensional (2D) 

inversion jointly. The data fitting curves for each measurement station are not compared; 

instead, the data fitting curves for Station 1, Station 5, and Station 10 are presented. 

   

(a)  (b) 

Figure 1. Synthetic models for analyzing the effect of interference on the inversion interpretation: 

(a) without interference; (b) with interference. 

Figure 2 illustrates the inversion results for the simulated data with and without in-

terference. In Figure 2a,c, t1 and t2 represent the beginning moments of the target anom-

aly’s response characteristics in the absence and presence of interference, respectively. The 

red box in Figure 2b,d indicates the location of the actual anomaly. The inversion begins 

with a uniform background medium with a resistivity of 100 Ω ∙m. To validate the accu-
racy of the inversion algorithm, we first performed an inversion test on data without in-

terference. Figure 2a shows the dobs and dpred values, depicting the simulated data from the 

model shown in Figure 1a and the simulated data from the inversion model in Figure 2b, 

respectively. The response curves in Figure 2a demonstrate a good fit in the absence of 

interference.  Figure  2b  depicts  that  the  anomaly  distribution  in  the  resistivity  profile 

closely matches that of the actual model, indicating the accuracy and reliability of the in-

version algorithm. 
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Figure 1. Synthetic models for analyzing the effect of interference on the inversion interpretation:
(a) without interference; (b) with interference.

Figure 2 illustrates the inversion results for the simulated data with and without
interference. In Figure 2a,c, t1 and t2 represent the beginning moments of the target
anomaly’s response characteristics in the absence and presence of interference, respectively.
The red box in Figure 2b,d indicates the location of the actual anomaly. The inversion
begins with a uniform background medium with a resistivity of 100 Ω·m. To validate
the accuracy of the inversion algorithm, we first performed an inversion test on data
without interference. Figure 2a shows the dobs and dpred values, depicting the simulated
data from the model shown in Figure 1a and the simulated data from the inversion model
in Figure 2b, respectively. The response curves in Figure 2a demonstrate a good fit in the
absence of interference. Figure 2b depicts that the anomaly distribution in the resistivity
profile closely matches that of the actual model, indicating the accuracy and reliability of
the inversion algorithm.
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Figure 2. Inversion results under the uniform background model as the initial model: comparison
between the cases with and without interference (resistivity profiles are shown for the anomaly region
only). (a) Data fitting curves without interference (Station 1, Station 5, and Station 10). (b) Resistivity
profiles of the inversion in the absence of interference. (c) Data fitting curves under the influence of
interference (Station 1, Station 5, and Station 10). (d) Resistivity profiles of the inversion under the
influence of interference.

The inversion results of the simulated data from the model illustrated in Figure 1b are
shown in Figure 2c,d. Figure 2c shows the dobs and dpred values, depicting the simulated
data from the model shown in Figure 1b and the simulated data from the inversion model
in Figure 2d, respectively. As illustrated in Figure 2c, the data predicted by the inversion
model exhibited a poor fit with the observed data at an early stage. Figure 2d reveals a
significant deviation from the actual model when the interference is unprocessed. These
experiments indicate that interference near the measurement station has a significant impact.
If the interference is not considered, it is difficult to reveal the true resistivity distribution
of the subsurface medium. To improve the accuracy of the inversion interpretation, we
introduce two pre-processing methods to process the interference.

2.2.1. Correction Factor Method

The central idea of the correction factor method is to compare the electromagnetic
response with and without interference and calculate the ratio of the two [18,20,28].

K(t) =
dno_int(t)

dint(t)
, (4)

where dint(t) represents the data with interference, dno_int(t) represents the background
response without interference, and K(t) represents the correction factor.

The inversion results obtained by employing the correction factor method to process
the interfering data are shown in Figure 3. The background resistivity of the initial inversion
model is 100 Ω·m. Figure 3a shows the observed data after correction and predicted data
from the inversion model. As shown in Figure 3b, the interpretation accuracy of the
inversion results improved after correction. However, the position of the anomaly is
displaced. This phenomenon occurs because of the delayed effect of the interference layer,
which causes a delayed arrival time for the effective response.
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To address the issue, we propose a time-shift correction method. This method calcu-
lates the background response, dno_int, using a forward-shifted time series.

K(t) =
dno_int(t − τ)

dint(t)
, (5)

where τ denotes the time shift. However, no simple formula can be used to calculate
the time shift, τ, in all cases, and τ remains an empirical parameter. Electromagnetic
interference is influenced by several parameters. These parameters include the conductivity,
size, shape, location, dielectric constant, magnetic permeability, and frequency of the
interfering object. For example, steel has a high magnetic permeability and electrical
conductivity, and electromagnetic fields propagate more slowly in steel. Both primary and
secondary fields are delayed by steel interference. Additionally, the presence of multiple
interfering sources further complicates the accurate determination of τ. If there are several
steel structures in close proximity, their combined effects can result in overlapping delays,
increasing the complexity of accurately assigning a single delay value.

The results of the time-shift correction are shown in Figure 4. We determine the time
shift for each timestep here by simply comparing the beginning times of the anomaly
response characteristics. The beginning times in Figure 2a,c are known to be t1 and t2.
Assuming the original sampling time is T, the two beginning times allow us to determine
the new sampling time Tno_int = (t1/t2) ∗ T for computing dno_int. Figure 4a depicts that
the corresponding time for the corrected response is advanced. The data predicted by the
inversion model fit the corrected data well. Figure 4b shows that the location and size of
the target anomaly closely correspond to the actual model. This indicates that the time-shift
correction is feasible.

These numerical experiments have demonstrated that the correction factor method
can mitigate interference to a certain extent. However, for signal delays caused by high-
conductivity interference, incorporating a time-shift correction may be necessary to obtain
more accurate results. However, the absence of a unified calculation method for time-shift
limits its practical application.
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data after time-shift correction (Station 1, Station 5, and Station 10). (b) Inversion result for time-shift
corrected data.

2.2.2. Prior Information Constraint Method

The prior information constraint method (PICM) employs an initial model that incor-
porates interference factors from known information, such as the spatial distribution and
electrical parameters of the interference. This method considers the impact of interference
on the target geological body. To examine the effect of the PICM, we use the synthetic
data obtained from the model in Figure 1b. With a known interference, researchers can
incorporate it into the initial inversion model. Figure 5 illustrates the effect of incorporating
the interference factor as a known condition into the initial model. The inversion results
show that the PICM-based inversion can effectively invert the anomaly.
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When the interference is unknown or difficult to model, the interference data can be
processed using a one-dimensional (1D) inversion technique. This method generates a 1D
effective model of the interference. This model is subsequently mapped to 2D, becoming
the initial model for 2D inversion. This process enables the inversion method to gradually
approximate the real interference, even without a full understanding of the interference
conditions. Figure 6a shows a 1D inversion result using data from Station 1 in Figure 1b,
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which results in an effective 1D model of the interference. Figure 6b shows the mapping of
the 2D model. This model was used as the initial model for the 2D inversion. Figure 6c
shows the resistivity profile obtained from the 2D inversion. The target anomaly can be
accurately inverted, and Figure 6d shows a good fit between the observed and predicted
responses. Unlike the correction factor method, this approach does not require time-shift
correction, further ensuring the reliability of the data interpretation.
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3. Field Data Application
3.1. Geological Setting

The study’s data were collected from a coal mine tunnel in Lvliang, Shanxi Province,
China, at an average depth of 250 m below ground. The underground mining tunnel and
its surrounding geological changes are shown in Figure 7. A mined-out area exists above
the tunnel. The water in this mined-out area is a potential security risk for the construction
tunnels. When a coal seam is extensively excavated, the surrounding rock layers lose
their balance, deform, and move owing to gravity. Subsequently, from bottom to top, the
overlying strata in the goaf area stabilize, forming caving and fracture zones as shown in
Figure 7. The fractured rock layers increase water permeability, creating a water-flowing
fracture zone above the tunnel. Sudden water-inrush accidents under the influence of
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stratum pressure pose significant hidden dangers to construction safety. Therefore, the
main targets for TEM detection in mine tunnels are the water-rich zones.
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3.2. Interference Analysis

The interference in the tunnel is primarily from the steel infrastructure, such as rails,
mining equipment, support structures, and cables. Figure 8a illustrates the distribution
within the tunnel. To examine the effect of interference in the tunnel on TEM detection,
measurements were conducted at four stations.
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Figure 8b displays the measured responses. Under the influence of the interferences,
the data from each measurement station decay slowly in the early stage. Specifically, the
presence of cables at Station 1 results in severe industrial electrical interference, which
distorts the TEM response. Stations 2 and 3, which were farther from the interfering
object, experienced lower levels of interference. Their response curves initially overlapped;
however, the late response of Station 3 was stronger owing to the closer proximity to the
steel frame. The response of Station 4 shows a much slower decay. From the interference
survey results, it is suggested that the coil for the actual measurement should be kept at
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a distance from the steel infrastructure and that locating the measurement station at the
tunnel center is a better choice.

3.3. Data Acquisition

The TEM, radio wave imaging (RWI), and drilling methods are utilized in this explo-
ration area. Figure 9a depicts the distribution of the TEM and RWI measurement stations.
The hydrogeological anomalies identified by the RWI and boreholes are also depicted in
Figure 9a, serving as a cross-validation of the TEM inversion results. The RWI typically
uses one transmitter and one receiver, with a transmitting station set up in one tunnel to
transmit electromagnetic wave signals and a receiving station in another tunnel to receive
these signals [29,30]. The RWI determines the characteristics of underground media based
on the difference in the attenuation of high-frequency radio electromagnetic waves as they
propagate through various media.
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Figure 9. Field data acquisition: (a) vertical view for the distribution of tunnels in the working
space, and the distribution of TEM measurement stations in the tunnels; (b) field data collected in the
mine tunnel.

As illustrated in Figure 9a, the TEM survey line is placed along the tunnel center,
and the spacing between the measurement stations is 10 m. The total number of TEM
measurement stations is 56, and the acquisition device is the PROTEM47. The transmitter
is a 1 m × 1 m square coil, and the receiver is a circular coil with a radius of 0.5 m. The
decay of the magnetic field is recorded over 30 time gates in the range of 6.8 µs to 5 ms.
Due to the limited space in tunnels, often only one survey line can be arranged. In actual
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measurements, multiple angles are usually conducted to increase the accuracy. Here, we
selected the measurement data for the inversion where the detection direction is at an angle
of 50◦ to the tunnel floor. Figure 9b shows the measured response in the mine tunnel.

4. Results and Discussion

In the data processing, we applied two methods to manage the electromagnetic re-
sponses in tunnels affected by steel infrastructure: the correction factor method and the
PICM. To distinguish between these approaches, we refer to them as the simulation cor-
rection method (SCM) and the measured correction method (MCM), respectively. The
correction factor is constructed using the interference data obtained from numerical simula-
tions and actual measurements.

The SCM obtains highly accurate interference response data by precisely controlling
the model parameters. We design a model based on the actual situation in a mining tunnel,
as shown in Figure 10. The parameters for the tunnel and steel infrastructure are shown in
Figure 10a. The cross-sectional area of steel infrastructure is 0.2 m × 0.2 m. The resistivity
of the steel infrastructure is set to 10−6 Ω·m, and the magnetic permeability is set to 100 µ0.
An octree grid is used to discretize the model (Figure 10b). Discretization using only small
cells at the edges of the tunnel reduces the total number of cells. To ensure simulation
accuracy, refined discretization was performed at the transmitter and receiver locations.
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Figure 10. Numerical simulation of model parameter settings for the SCM. (a) Tunnel and interference
distribution and resistivity settings. (b) The profile of the discretized resistivity model at x = 0 (The
maximum boundary of the model is 3 km, and only the tunnel area is shown here).

The interference data were processed using the SCM and MCM, and the results
are shown in Figure 11. Figure 11a depicts the simulated and measured interference
responses. We used the interference data from Station 2 (Figure 8b) to implement the MCM.
Using Equation (4) to compute the correction factor requires both the interference and
non-interference background responses. Ensuring that the measurement area is free from
interference is difficult. Therefore, this study employs a numerical simulation to calculate
the background response without interference. The results of the above two methods for
correcting the field data are shown in Figure 11b.

Figure 12 illustrates the resistivity profile obtained from the inversion of the field data
without any interference processing. The high-resistivity areas shown in Figure 12 can
be considered as the tunnel, while the low-resistivity areas could result from a combina-
tion of interference within the tunnel and actual anomalies in the strata. The influence
of interference leads to a widespread distribution of low-resistivity areas in the profile,
making it difficult to accurately distinguish actual anomalies. These widely distributed
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low-resistivity areas increase the complexity of data interpretation, suggesting that further
processing of interferences is required in practical applications to more accurately identify
actual geological anomalies.
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The inversion results based on the correction factor method are shown in Figure 13.
Since the simulated and measured interference responses are approximate (Figure 11a), the
difference between the inversion results based on the SCM and MCM is small. To verify
the accuracy of the inversion results, we used the RWI and borehole survey results for
comparison, which are represented in Figure 13 using dotted lines. The inversion results are
further improved in accuracy after the interference processing using the correction factor
method compared to the inversion result in Figure 12. This demonstrates the effectiveness
of the SCM and MCM in processing field data. Compared with the SCM, the MCM fea-
tures a straightforward measurement process. This eliminates the need for high-precision
numerical simulations and reduces computational effort.

The factors affecting the practical effectiveness of the correction factor method are as
follows. The accuracy of the SCM depends on the accurate setting of the model parameters,
but it is difficult to obtain these parameters in practical applications. The effectiveness
of the MCM depends on the quality of the measured interference data. However, the
actual measured interference responses are susceptible to various types of noise, making
it difficult to ensure data quality. In addition, we used a uniform correction factor for all
measurement stations. Although consistency exists in the interference to TEM detection in
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the tunnels, there may be a stronger interference level at some measurement stations. This
results in a spurious anomaly in the inversion results at these measurement stations.
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Figure 14a displays the inversion result obtained using the PICM alone. This result
shows that in the presence of high-conductivity interference, the PICM-based inversion
does not accurately reflect the actual geological situation. Furthermore, the accurate
reconstruction of the location and size of anomalies remains challenging. This suggests that
for data affected by high-conductivity interference, using a combination of the correction
factor method and PICM may be necessary. The inversion result obtained by combining
the MCM and PICM is shown in Figure 14b. A 1D inversion was first performed on the
corrected data at measurement Station 10 (Figure 9a). The result from the 1D inversion
was then mapped to 2D, serving as the initial model for the subsequent 2D inversion. The
inversion results for the PICM combined with the MCM provide more details compared
to using the PICM alone. Moreover, the spurious anomalies in Figure 13 are suppressed
to some extent. Although the inversion yields low-resistivity anomaly areas that are
farther away than the circled areas, it still provides a good indication of the distribution of
the anomalies.
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5. Conclusions

The correction factor method effectively mitigates the interference effect through
numerical simulations and actual measurements. However, accurately obtaining model
parameters with the SCM is challenging, and the MCM is limited by field conditions and
data noise. Additionally, inversion experiments using synthetic data demonstrate that the
correction factor method failed to recover the delay caused by interference. This results
in the inverted anomaly being farther from the actual anomaly. Although combining the
correction method with the time shift can eliminate interference and restore the delay effect,
there is no uniform formula for determining the amount of time shift. This limitation
restricts the use of the time-shift correction method. Therefore, we introduce the PICM
to improve the inversion of disturbed data. The inversion results from the synthetic data
indicate that the PICM-based inversion accurately inverts the anomaly. To further validate
the effectiveness of these methods, we conduct field data and cross-validate the results
using the RWI and boreholes. The inversion results demonstrate that the inversion based
on the correction factor method can effectively identify the anomalies. In contrast, using the
PICM-based inversion alone performs poorly, and it is difficult to identify the distribution of
anomalous areas. This suggests the limited applicability of using the PICM-based inversion
alone. For data significantly affected by high-conductivity interference, processing based
on the correction factor method may be more appropriate.
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