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Abstract: This paper considers the joint use of two popular geophysical methods (fracture-induced
electromagnetic radiation and seismic refraction tomography) to assess the stress-state in under-
ground mine-workings. Such a combination of two indirect methods allows the identification of zones
of increased stress in the rock along the axis of the mine-workings, and zones of intense weakening
or disintegration in the rock massif above the roof of the mine-workings. The measurements of
longitudinal and compressive wave speeds were used to calculate 2D sections of Young’s modulus
and Poisson’s ratio to assess the rock mechanical properties in the vicinity of the mine-workings.
It is shown that the anomalies of both elastic parameters correspond to those of fracture-induced
electromagnetic radiation.

Keywords: underground mining; rock stress assessment; fracture induced electromagnetic radiation;
seismic refraction

1. Introduction
1.1. Geological Background

The Norilsk Mining and Metallurgical Company is the largest mining enterprise en-
gaged in extracting, enriching and processing copper-nickel ores. It operates three main
deposits of rich, cuprous, and disseminated copper-nickel ores, the origin, structure, and
properties of which have been studied in detail [1–7]. The value of uniaxial compression
strength of the rocks is of the order of 80–160 MPa, the tension and shear strength values
range from 10–16 MPa and 4–5 MPa, respectively, while the values of Young’s modu-
lus, Poisson’s ratio, density and the angle of internal friction are 80–85 GPa, 0.19–0.25,
3000 kg/m3, and 33–38◦, respectively [8].

The deposits have been developed over decades in several underground mines,
at depths ~500–2000 m below the Earth’s surface, as well as close to the permafrost
surface [9–11].

Ore mining at deep horizons is inevitably accompanied by an increase in rock pressure,
which often causes the failure of rocks in a dynamic form (e.g., in the form of rockburst).
Underground mining in the Norilsk region involves working in permafrost [7], leading to
the degradation of permafrost zones and, as a result, to the loss of rock bearing capacity, and
the formation of channels of water inflow from the upper aquifers, rock/soil subsidence,
sinkhole formation, etc. [12,13].

The possibility of dangerous mining phenomena occurring, and the stability of un-
derground excavations and structures on the Earth’s surface, are assessed via changes in
the stress-strain state of rocks [14–17]. The increase in stress levels during mining causes
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the development of rock fractures and, consequently, the appearance of areas of significant
weakening of rocks, followed by their failure. The regions of rock fracturing are sources of
increased water inflow towards underground excavations.

In the mines of Norilsk, the complex of geotechnical monitoring works traditionally
consists of surveying observations against benchmarks, monitoring of seismic events within
the seismic pavilions of the mines, and hydrogeological monitoring (e.g., [9–11,18–21]).

It is known that the formation of micro-cracks precedes the appearance of visi-
ble macro-fractures and hence heralds potentially significant changes in the state of
stress [22–24]. Underground geophysical methods have been successfully used for more
than half a century [22–29] to assess the rock micro-fracturing and the stress-state of rocks
near the mine-workings.

1.2. Geophysical Methods in Mining

There are no essential differences between the application of conventional geophysical
methods and their use in underground conditions (e.g., [25,26,30–35]). However, the goals
of their application, and the methodologies of data processing and interpretation have
specific peculiarities. The main goal of the application of underground geophysical methods
is to assess the stress-state of rocks. Experience shows that the most frequently used
methods are seismic refraction (SRfr) and reflection (SRfl) methods, borehole ultrasonic and
seismic methods, direct current and transient electromagnetic methods, acoustic emission,
and fracture-induced electromagnetic radiation (FEMR) [35–59]. These methods can be
used to simplify and intensify the assessment of roof and wall stability in underground
excavations, and to reduce rock disintegration during the examination process.

The high-resolution seismic-reflection method has been used for the evaluation of
rock subsidence associated with underground mining [36,37] and for roof stability assess-
ment [38]. The method was shown to be useful for the analysis of rock stratification and
disintegration at tens of meters from seismic sources. Note that seismological and seismic-
acoustic measurements are often employed in underground mining for the assessment of
rock-burst hazards [22,39–45].

Micro-seismic (acoustic emission) monitoring is a useful and often mandatory tool for
stress-state assessment, especially in rock-burst and rock- or gas-outburst-prone mines [20,21,46].
However, since the frequency of elastic signals is relatively low, seismic-acoustic activity is
associated with quite large fractures [24,47], and hence it is used for stress-state assessment
across the entire minefield or in its larger areas.

Electrical resistivity tomography has been shown to be especially useful for detecting
zones of intensive fracturing (which can be sources of gas outflow and/or water inflow to
excavations) [48], as well as for delineating and mapping water and cavities [49].

The SRfr method has been used to discover areas of high vertical stress in the roof of
underground excavations [50] and to assess their stability [51]. The approach is based on
the relationship between the stress level and the P- and S-velocities in rocks, and enables
one to distinguish between high, medium, and low-stress levels.

Being indirect tools, the above methods can all cause ambiguity in interpretation and,
so, in decision-making. To avoid such a problem, the integration of a pair or more of these
geophysical methods is preferable for use. However, despite its actual advantages, this
approach is time-consuming and often expensive, so such studies are rarely undertaken.

The integration of two geophysical methods (FEMR and SRfr) employed for the
stress-state assessment of mine-workings is the subject of the study presented in this article.

2. Methods and Instruments

An integration of FEMR and SRfr methods was used to study roof stability in under-
ground mine-workings.
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2.1. FEMR Methods and Instrument

FEMR measurements in mine-workings were conducted with the ANGEL-M instru-
ment manufactured by JSC VNIMI (St. Petersburg, Russia). It was developed specifically for
FEMR measurements in mine-workings and underground tunnels, as well as on the Earth’s
surface, to detect stress directions near tectonic faults and landslides (see the series of
studies (e.g., [58–65])). The assemblage of the instrument consists of a registration/control
unit and a receiving electromagnetic antenna (loop or whip antennae can be used). The
device automatically receives FEMR pulses induced by rock micro-fracturing. Figure 1
shows the use of the Angel-M instrument for FEMR measurement in an underground mine
deposit in Norilsk, aiming to assess the state of stress in the rock around the underground
excavation. The fixed direction of radiation reception was set by the orientation of the
antenna. One operator was sufficient for field observations using the instrument (Figure 1).
The measurement results were displayed on the instrument panel, where the hit/pulse
number and the values of two parameters (A- and B-factors) were indicated; where the
A-factor was the average amplitude of the pulses recorded in each time interval (10, 20, 40
or 80 s), B-factor (the slope of the relationship between the number of FEMR pulses and
their amplitude) showed (in accordance with the Gutenberg-Richter relationship) a distri-
bution of pulse amplitudes over 10 levels. The measured parameters were recorded in the
instrument’s memory for later download to a PC for further filtering and processing [64,65].
Figure 2 portrays two examples of data presentation registered using the Angel-M device.
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The obtained values of A- and B-factors were collected in the FEMR Catalog (the
fragment of which is presented in Table 1), which served as the basis for the assessing state
of stress.

Table 1. The fragment of the FEMR Catalog used for the stress-state assessment.

Profile
Length, m

Profile 2 Profile
Length, m

Profile 3 Profile
Length, m

Profile 4 Profile
Length, m

Profile 5

A B A B A B A B

10 6.25 0.0344 0 7.08 0.0335 20 9.01 0.0091 15 9.01 0.0104
15 6.30 0.0318 5 6.99 0.0316 25 9.03 0.0103 20 9.12 0.0092
20 6.47 0.0325 10 6.55 0.0372 30 9.04 0.0099 25 9.02 0.0097
25 6.33 0.0345 15 6.53 0.0343 35 8.99 0.0100 30 9.01 0.0104
30 6.33 0.0322 20 6.54 0.0318 40 9.11 0.0099 35 9.02 0.0105
35 6.49 0.0343 25 6.13 0.0335 45 8.97 0.0103 40 9.06 0.0100
40 6.26 0.0332 30 6.16 0.0352 50 9.06 0.0102 45 9.05 0.0108
45 6.18 0.0345 35 6.26 0.0332 55 8.96 0.0098 50 9.00 0.0099
50 6.24 0.0316 40 6.32 0.0332 60 9.03 0.0100 55 9.05 0.0109
55 6.23 0.0350 45 6.09 0.0334 65 8.99 0.0107 60 9.05 0.0096
60 6.17 0.0317 50 6.15 0.0356 70 9.05 0.0104 65 9.00 0.0104
65 6.24 0.0347 55 6.20 0.0349 75 9.02 0.0096 70 8.99 0.0100
70 6.26 0.0375 60 6.12 0.0319 80 9.00 0.0112 75 9.04 0.0098
75 6.28 0.0381 65 6.11 0.0337 85 8.98 0.0101 80 9.03 0.0103
80 6.45 0.0324 70 6.16 0.0321 90 9.05 0.0110 85 8.97 0.0105
85 6.43 0.0315 75 6.16 0.0336 95 9.05 0.0086 90 9.02 0.0100
90 6.16 0.0345 80 6.17 0.0330 100 9.01 0.0104 95 9.04 0.0108
95 6.21 0.0337 85 6.26 0.0324 105 9.02 0.0106 100 9.04 0.0101
100 6.27 0.0341 90 6.11 0.0333 110 9.01 0.0097 105 9.02 0.0105
105 6.26 0.0333 95 6.22 0.0334 115 9.01 0.0101 110 9.06 0.0105

Despite the advantages of the FEMR method for the scrutiny of the state of stress
in mine-workings, its relative simplicity and efficiency allows assessment of the depth
of the zone of increased stress (from the tunnel surface towards the rock massif) and its
volume [55,56], but does not allow their correct measurement.

To avoid this restriction, the SRfr method after topographic data processing was
integrated with the FEMR method to study the zones with anomalous FEMR measurements.

2.2. SRfr Method and Instrument Used

Surveys of SRfr in the FEMR anomalous excitation zone were carried out to estimate
the values of Young’s modulus and Poisson’s ratio. The measurements were performed
to a depth of 50 m from the surface of the mine-working. Geophones (seismic sensors)
were installed on the roof of the tunnel (along its axis) and the registration was done in the
overlying rock mass (Figure 3).

The study was conducted using a modern TELSS-3 telemetric seismic station (by
Geosignal Ltd., Moscow, Russia), and the first arrivals of both longitudinal and transverse
elastic waves were measured as follows: the interval between the points of registration and
excitation—2 m; number of registration points—76; elastic vibrations were excited by a
sledgehammer weighing 6 kg. Note that the location of SRfr profiles was pre-determined
by the location of the FEMR profiles where anomalous excitation of FEMR hits was regis-
tered, the technical feasibility of observations (e.g., low levels of acoustic noise), and the
results of visual fracture mapping. Considering the spatial position of underground mine
workings, the profile lines of SRfr measurements were carried out on straight sections with
the obligatory binding of spatial coordinates by the mine surveying service. More than
800 seismic records on P- and S-waves were obtained within the framework of the research
campaign. Figure 4a shows an example of the registered seismogram (Profile 2 in Table 1).
All measured data were then filtered and processed. Figure 4b shows an example of the
first arrivals picking diagram.
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3. Results and Discussion

Figure 5 along with Profile 2 shows the results of FEMR measurements in the un-
derground working of the Norilsk underground mine. The anomalous values of FEMR
amplitude were measured at a distance of 20–40, 80, and 120 m from the beginning of the
profile (shown by black arrows in Figure 5), implying the increased stress level at this part
of the mine-workings. The FEMR measurement results (Profile 2) were combined with the
SRfr measurements. Figure 6 shows the results of tomographic processing of longitudinal
(Vp) and transverse (Vs) wave speeds recorded at the same section of the mine-workings.
Comparative analysis of Figures 5 and 6 shows a qualitative correspondence between
increased FEMR amplitude and the zones of anomalously low values of P and S wave
speeds at distances 20–40, 80, and 120 m from the beginning of Profile 2. The results of



Minerals 2022, 12, 609 6 of 11

elastic waves processing (Vp and Vs) were used to calculate the values of Young’s modulus
and Poisson’s ratio using well-known expressions:

Minerals 2022, 12, x FOR PEER REVIEW 6 of 12 
 

 

 
Figure 4. An example of the registered seismogram (Profile 2 in Table 1). (a) and the first arrivals 
picking (b). 

3. Results and Discussion 
Figure 5 along with Profile 2 shows the results of FEMR measurements in the 

underground working of the Norilsk underground mine. The anomalous values of FEMR 
amplitude were measured at a distance of 20–40, 80, and 120 m from the beginning of the 
profile (shown by black arrows in Figure 5), implying the increased stress level at this part 
of the mine-workings. The FEMR measurement results (Profile 2) were combined with the 
SRfr measurements. Figure 6 shows the results of tomographic processing of longitudinal 
(Vp) and transverse (Vs) wave speeds recorded at the same section of the mine-workings. 
Comparative analysis of Figures 5 and 6 shows a qualitative correspondence between 
increased FEMR amplitude and the zones of anomalously low values of P and S wave 
speeds at distances 20–40, 80, and 120 m from the beginning of Profile 2. The results of 
elastic waves processing (Vp and Vs) were used to calculate the values of Young’s 
modulus and Poisson’s ratio using well-known expressions: = ( )( ) and 𝑉 = ( )( )( ), where 𝜗 is the value of Poisson’s ratio, E is 

the value of Young’s modulus, 𝜌 is the value of rock density. 
Figure 7 portrays the 2D section of these two elastic parameters. The decrease in the 

values of Young’s modulus and increase in the value of Poisson’s ratio can be interpreted 
as the appearance of highly fractured/weakened zones, and hence confirms the 
consistency of the interpretation of the increase in FEMR amplitude. 

 
Figure 5. The results of FEMR measurement in the underground mine-workings (Profile 2). The 
arrows show the anomalous FEMR amplitudes. 

Figure 5. The results of FEMR measurement in the underground mine-workings (Profile 2). The
arrows show the anomalous FEMR amplitudes.

Minerals 2022, 12, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 6. 2D sections obtained from SRfr measurements: compression wave speed (a) and shear 
wave speed (b). The dashed lines show the boundaries of anomalous zones. The Y-axis is the depth 
of measurements, the X-axis is the profile length (Profile 2). 

Figure 6. 2D sections obtained from SRfr measurements: compression wave speed (a) and shear
wave speed (b). The dashed lines show the boundaries of anomalous zones. The Y-axis is the depth
of measurements, the X-axis is the profile length (Profile 2).

Vp
Vs

=
√

2(1−ϑ)
(1−2ϑ)

and Vp =
√

E
ρ

√
(1−ϑ)

(1+ϑ)(1−2ϑ)
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is the value of Young’s modulus, ρ is the value of rock density.
Figure 7 portrays the 2D section of these two elastic parameters. The decrease in the

values of Young’s modulus and increase in the value of Poisson’s ratio can be interpreted as
the appearance of highly fractured/weakened zones, and hence confirms the consistency
of the interpretation of the increase in FEMR amplitude.
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Figure 8 shows another example of a combined application of FEMR and SRfr meth-
ods in the zone of unstable rock mass (Profile 4 in Table 1), where Figure 8a shows the
distribution of Young’s modulus while Figure 8b portrays the result of FEMR registrations
(Profile 4). The zone of low values of Young’s modulus (marked by dashed lines) is seen
at the distance of 20–50 m from the profile beginning. The same zone can be seen in
Figure 8b as an anomalous value of FEMR amplitude. An appearance of both anomalies
heralds the formation of highly fractured rock in the roof of the mine working and hence
its potential failure.

Minerals 2022, 12, x FOR PEER REVIEW 8 of 12 
 

 

 
Figure 7. 2D sections of Young’s modulus (a) and Poisson’s ratio (b) The dashed lines show the 
boundaries of anomalous zones. The Y-axis is the depth of measurements, the X-axis is the profile 
length (Profile 2). 

Figure 8 shows another example of a combined application of FEMR and SRfr 
methods in the zone of unstable rock mass (Profile 4 in Table 1), where Figure 8a shows 
the distribution of Young’s modulus while Figure 8b portrays the result of FEMR 
registrations (Profile 4). The zone of low values of Young’s modulus (marked by dashed 
lines) is seen at the distance of 20–50 m from the profile beginning. The same zone can be 
seen in Figure 8b as an anomalous value of FEMR amplitude. An appearance of both 
anomalies heralds the formation of highly fractured rock in the roof of the mine working 
and hence its potential failure. 

 
Figure 8. Cont.



Minerals 2022, 12, 609 8 of 11

Minerals 2022, 12, x FOR PEER REVIEW 9 of 12 
 

 

 

Figure 8. 2D sections of Young’s modulus (a) and the FEMR amplitude (b) measured in Profile 4. 
The arrow in Figure 8b shows the anomalous FEMR amplitude. 

4. Conclusions 
The results of FEMR application in the conditions of the Norilsk underground mines 

show that this method can be successfully used to identify the locations of rocks which 
are in states of high stress or intensively fractured. However, the FEMR method allows 
only the estimation of the distance between zones of high stress and the surface of mine 
working wall or roof, and of the volume of these zones. Such a disadvantage can be 
overcome via the integration of FEMR measurement with the application of the SRfr 
method. Our study has shown that zones where elastic waves demonstrate decreased 
speed values of correspond with zones of increased FEMR amplitude. 

That last observation can be explained as follows: the decreased speed values of 
elastic waves is known to be associated with a decrease in the value of Young’s modulus 
and an increase in the value of Poisson’s ratio, implying an increase in rock fracturing 
(rock plasticity). As it is known the fracturing of rocks is a cause of FEMR anomalies in 
mine working [54–59,63–65], in the laboratory during rock sample failure (e.g., [66–68]), 
and during earthquake nucleation (e.g., [25,69]). Hence, the coincidence of SRfr and FEMR 
anomalies proves the consistency of the results of this study. 

The integrated application of the FEMR and SRfr methods is a preventive procedure 
in the framework of hazard assessment activity. When visual cracks begin to appear at the 
surface of the excavation roof or walls, they indicate large-scale disintegration processes 
[24]. Hence, conducting “preventive activity” becomes overdue and even dangerous for 
excavation stability and the staff activity. The presence of an overlying aquifer (as is the 
case in the shallow horizons of the Norilsk mines) aggravates the state of stress, and due 
to the activation of existing stresses, decreased friction between fracture surfaces, etc., the 
fracturing of the roof can cause water inflow into the excavation space and bring about its 
collapse. 

It should be noted that the application of the SRfr method is time-consuming and 
labor-intensive. That is why integrating the methods is most effective approach. This 
should be done in a two-step manner: in the first stage, the FEMR method can be applied, 
enabling short-term assessment of the state of stress and hence localization of the zones 
where the presence of high stresses are suspected; in the second stage, the SRfr method 
can be used to study the state of the rocks in more detail and only in those sections of the 
mine-workings where increased FEMR values have been recorded. 

Finally, increased FEMR amplitudes, together with low Young’s modulus and high 
Poisson’s ratio, portend unstable conditions in the roof of the underground excavation. It 
should be noted that the instability criteria have been developed using data accumulated 
in the FEMR and SRfr catalogs mentioned above, and are individual for rock type, 

Figure 8. 2D sections of Young’s modulus (a) and the FEMR amplitude (b) measured in Profile 4. The
arrow in Figure 8b shows the anomalous FEMR amplitude.

4. Conclusions

The results of FEMR application in the conditions of the Norilsk underground mines
show that this method can be successfully used to identify the locations of rocks which are
in states of high stress or intensively fractured. However, the FEMR method allows only
the estimation of the distance between zones of high stress and the surface of mine working
wall or roof, and of the volume of these zones. Such a disadvantage can be overcome via the
integration of FEMR measurement with the application of the SRfr method. Our study has
shown that zones where elastic waves demonstrate decreased speed values of correspond
with zones of increased FEMR amplitude.

That last observation can be explained as follows: the decreased speed values of elastic
waves is known to be associated with a decrease in the value of Young’s modulus and
an increase in the value of Poisson’s ratio, implying an increase in rock fracturing (rock
plasticity). As it is known the fracturing of rocks is a cause of FEMR anomalies in mine
working [54–59,63–65], in the laboratory during rock sample failure (e.g., [66–68]), and
during earthquake nucleation (e.g., [25,69]). Hence, the coincidence of SRfr and FEMR
anomalies proves the consistency of the results of this study.

The integrated application of the FEMR and SRfr methods is a preventive procedure
in the framework of hazard assessment activity. When visual cracks begin to appear at
the surface of the excavation roof or walls, they indicate large-scale disintegration pro-
cesses [24]. Hence, conducting “preventive activity” becomes overdue and even dangerous
for excavation stability and the staff activity. The presence of an overlying aquifer (as is
the case in the shallow horizons of the Norilsk mines) aggravates the state of stress, and
due to the activation of existing stresses, decreased friction between fracture surfaces, etc.,
the fracturing of the roof can cause water inflow into the excavation space and bring about
its collapse.

It should be noted that the application of the SRfr method is time-consuming and
labor-intensive. That is why integrating the methods is most effective approach. This
should be done in a two-step manner: in the first stage, the FEMR method can be applied,
enabling short-term assessment of the state of stress and hence localization of the zones
where the presence of high stresses are suspected; in the second stage, the SRfr method
can be used to study the state of the rocks in more detail and only in those sections of the
mine-workings where increased FEMR values have been recorded.

Finally, increased FEMR amplitudes, together with low Young’s modulus and high
Poisson’s ratio, portend unstable conditions in the roof of the underground excavation. It
should be noted that the instability criteria have been developed using data accumulated in
the FEMR and SRfr catalogs mentioned above, and are individual for rock type, excavation
dimensions, water inflow, etc. The procedure for criteria development is a challenge for
further research.
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