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ASSESSMENT OF THE SUBSIDENCE RATIO be BASED ON SEISMIC NOISE MEASUREMENTS 
IN MINING TERRAIN

WYZNACZANIE WSPÓŁCZYNNIKA OSIADANIA be NA PODSTAWIE POMIARÓW 
SZUMU SEJSMICZNEGO NA TERENIE GÓRNICZYM

Subsidence process in the rock mass disturbed by mining can be complicated and can be faster or 
slower depending on the geological structure and physical and mechanical properties of the rock mass, 
changes in exploitation geometry, and changes in the rate of exploitation. The most frequently, the sub-
sidence process develops over years in a way that is difficult to observe over a short period (days). It has 
been proven in practice of coal mines in Poland that Knothe’s model describes subsidence process with 
high accuracy. It is based on treating the rock mass as a stochastic medium and describing subsidence 
with stochastic equations.

It can be assumed that, the complicated stress field as a result of mining activities induce a series of 
displacements of different sizes in rock mass. The inelastic deformation in rock mass is accompanied by 
a microseismicity that can be recorded and processed. We assumed that seismic noise with weak seismic 
events is a low-energy part of the microseismicity. We proposed an analytical solution to examine the 
distribution of the energy of the seismic noise during subsidence process development based on Knothe’s 
model. In general a qualitative method of subsidence process assessment by the registration of the seismic 
noise was described.
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Proces osiadania w górotworze naruszonym działalnością górniczą może być skomplikowany. Może 
przebiegać szybciej lub wolniej w zależności od budowy geologicznej, fizycznych i mechanicznych 
właściwości górotworu, zmian w geometrii eksploatacji i zmian prędkości eksploatacji. Najczęściej 
proces osiadania rozwija się przez lata w sposób trudny do zaobserwowania w krótkim okresie (np. dni). 
W praktyce udowodniono, że w kopalniach węgla w Polsce model Knothego opisuje proces osiadania 
z dużą dokładnością. Opiera się on na traktowaniu górotworu jako ośrodka stochastycznego i opisuje 
osiadanie za pomocą równań stochastycznych. Można przypuszczać, że skomplikowane pole naprężeń 
wytworzone w wyniku działalności górniczej wywołuje w górotworze serię przemieszczeń o różnej 
wielkości. Niesprężystemu odkształceniu w górotworze towarzyszy mikrosejsmiczność, która może 
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być rejestrowana. W badaniach przyjęliśmy założenie, że szum sejsmiczny wraz ze słabymi zjawiskami 
sejsmicznymi należy do niskoenergetycznej części sejsmiczności. Zaproponowaliśmy rozwiązanie 
analityczne, w celu zbadania rozkładu energii szumu sejsmicznego w czasie rozwoju procesu osiadania 
w oparciu o model Knothego. W efekcie zaproponowano jakościową metodę oceny procesu osiadania 
poprzez rejestrację szumu sejsmicznego.

Słowa kluczowe: mikrosejsmiczność, szum sejsmiczny, osiadanie, teoria Knothego, współczynnik 
osiadania be

Explanations to equations

b(t) – parameter in distribution (5),
be – subsidence ratio,
c – constant,
E – energy of the seismic signal,
f(φ, t) – probability of displacement distribution,
φ – energy of seismic noise,
g(E, t) – modified model of f distribution,
H – depth of exploitation,
K(φ, κ) – probability of transformation from state φ to state κ,
W(s, r) – mining subsidence at the point (s, r),
W k – final mining subsidence,
W(t) – temporary mining subsidence,
Wmax – maximum mining subsidence,
β – constant, the angle of main influence according to Knothe’s theory,
dσ – stress drop on the rupture surface dS.

1. Introduction

By performing field measurements of seismic noise in the mining terrain of an active hard 
coal mine, above an exploited panel, we observed the high-frequency seismic noise during the 
Saturdays and Sundays, when mining operation was terminated. We noticed that the amplitude 
of the seismic noise recorded in the mining terrain is much greater compared to the amplitude 
of the recorded noise outside the mining terrain (Fig. 1a). In addition, the seismogram from the 
mining terrain contained weak seismic events. These events did not occur on seismograms regis-
tered outside of the mining terrain. Measurements were carried out using Guralp 6TD wideband 
seismometers in the frequency range of 0.0033 to 100 Hz at undeveloped locations, away from 
anthropogenic sources of seismic noise such as road traffic. The recorded seismic noise was in 
the range of frequencies up to a dozen Hz (Fig. 1b, c). The amplitude spectrum values and the 
main frequencies of the noise were greater in the mining area compared to the noise recorded 
outside the mining terrain. In the mining terrain the amplitude of the noise spectrum was in the 
order of 10–12 and the main frequency was about 10.9 Hz (Fig. 1b). Outside the mining terrain, the 
amplitude was smaller in the order of 10–14 and the main frequencies were also smaller approx. 
2.9 Hz and 6.1 Hz (Fig. 1c). We assumed, that the participation of global noise in the records of 
seismic noise registered in the mining terrain is rather small (Fig. 1b).
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Field observations allowed us to formulate an assumption that a significant part of seismic 
noise with a small energy seismic events recorded in the mining terrain can be the effect of inelastic 
deformation in the rock mass. In other words, this seismic noise can be a result of the subsid-
ence process developed in the rock mass above the exploited coal seam up to the terrain surface. 

Fig. 1. Seismic noise recorded on a Sunday evening in the one hour period during mining operation terminated 
and its amplitude spectra. (a) Seismograms registered inside the mining terrain (red color) and outside the min-

ing terrain (blue color); (b) Amplitude spectrum of seismic noise registered inside the mining terrain; 
(c) Amplitude spectrum of seismic noise registered outside the mining terrain

The microseismic activity induced by inelastic rock deformation under stress changes have 
been known for years (e.g. Gibowicz & Kijko, 1994; Hardy, 2003a, Barton, 2007). This understand-
ing is based on empirical experiments performed in the laboratory (e.g., Goodman, 1963; Barron, 
1971; Mogi, 1977; Khair, 1977; Gowd, 1980; Boyce et al., 1981) and in the field (e.g., Obert, 
1941; Obert & Duvall 1942; Vinogradov, 1964; Gale et al., 2001). Microseismic activity, also 
called acoustic emission/seismoacoustic activity, is used in non-destructive methods of rock mass 
investigation. An interesting summary of the methods has been presented by Hardy (2003a, b).

Microseismic activity has been used to evaluate the risk of hazard burst occurrence in un-
derground mines. Generally, microseismic activity and its energy change before a main shock 
occurs. Beginning in the 1960s, this phenomenon was studied in South Africa (Cook 1963) and 
in the US (Leighton & Blake, 1970; Leighton & Steblay, 1977). Later, investigations on this 
subject were conducted in most of the world’s mining regions that were threatened by induced 
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seismicity (Broz & Rocek, 1979; Mei & Lu, 1987; Spottiswoode, 1989). In Poland, the as-
sessment of seismic threats was performed based on continuous observations of microseismic 
activity in underground hard coal and copper ore mines (Neyman & Zuberek, 1967; Zuberek & 
Chodyń, 1989; Lasocki, 1989; Glowacka & Pilecki, 1991; Pilecki, 1992, 1995, 1999; Marcak, 
1998; Kornowski, 2003; Kornowski & Kurzeja, 2012).

Studies have shown that passive seismic tomography, based on microseismicity registration, 
is a useful tool to analyse the stress and deformation changes in rock mass in mines (Kormendi et 
al. 1986; Young & Maxwell 1992; Scott et al. 2004; Alcott et al. 1998; Li & Cai 2007; Hosseini 
et al. 2012, Czarny et al. 2016, 2018, 2019). Microseismicity has also been used to evaluate the 
deformation of rock mass due to the extraction of some of its volume (Obert & Duvall 1975; 
Maxwell and Young 1996). The statistical relationship between microseismicity and extracted 
volume in rock mass was also proposed by Kijko (1985) and Glowacka (1992).

The relationship between mining subsidence and microseismicity, which is the aim of this 
study, was discussed by Pomeroy (1969). Pilecka (2008) presented the statistical relationship 
between discontinuous deformation of mining terrain surface in the form of lineaments on satellite 
images and seismic activity occurrence. Many mathematical models of terrain surface subsid-
ence above exploited areas are available (Singh, 1985; Sroka et al., 2015a). They are based on 
the mathematical description of elastic and plastic processes occurring in rock mass. In Poland 
in almost all underground hard coal mines, the subsidence of terrain surface above exploited 
area is determined using Knothe’s model (Knothe, 1953a; Sroka et al., 2015a, b; Polanin, 2015). 
This many years of experience has resulted in getting a high accuracy of the subsidence value 
of the terrain surface in the mining area. Knothe’s subsidence model allows the prediction of the 
average displacements, strains, and the curvature of the subsidence trough resulting from mining. 

In our study inelastic deformations, developed as the result of subsidence process in the rock 
mass disturbed by mining, can produce microseismicity. The subsidence process is complicated 
and can be faster or slower depending on the geological structure and physical and mechanical 
properties of the rock mass, changes in exploitation geometry, and changes in the rate of exploi-
tation (Sroka et al., 2015a). The changes of the subsidence process velocity in the rock mass can 
induce the changes of microseismic activity. 

We assumed that seismic noise with weak seismic events is a low-energy part of the micro-
seismicity. The goal of this study is to establish a formula describing the energy distribution of 
seismic noise during subsidence process. 

A test site for recording seismic noise above area of exploitation was chosen in the mining 
terrain of Jas-Mos underground coal mine. Continuously recording of the seismic noise was car-
ried out for 42 days. The structure of recorded data showed a high seismic noise intensity from 
Monday to Friday and its decrease during weekend days, when mining operation was terminated. 
This observation has contributed to formulating in this work a wider theoretical justification for the 
relationship between seismic noise and subsidence process in the rock mass disturbed by mining.

2. Basic assumptions of Knothe’s subsidence model

Knothe’s model is based on treating the rock mass as a stochastic medium, and it describes 
subsidence using stochastic equations (Bodziony et al., 1960; Litwiniszyn, 1964). In the case of 
longwall mining operations, the predicting formula is used in a two-dimensional version for the 
assessment of subsidence in the profile perpendicular to the front of the longwall. 
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Let P(x, y) be the exploited area. Then, the final subsidence at the point (s, r), denoted 
W(s, r), is approximated by the following equation (Knothe, 1953b), which can be interpreted as 
an empirical Green’s function relating surface subsidence to surface deformation (Eshelby, 1961):

 

2 2
max

2
( ) ( )( , ) exp

P

W s x r yW s r dxdy
R R

  (1)

where Wmax is the maximum subsidence approximated by the seam thickness, 
tan
HR  is the 

radius of the main influence range, H is the depth of exploitation and β is a constant that is de-
termined based on experience (Knothe, 1953b), which is the so-called angle of main influence. 

In the case when subsidence is evaluated in time, instead of Wmax, the total compaction in all 
infinitely space elements of the plain should be multiplied by the integral function. The formula 
can be simplified by introducing an empirical exploitation parameter.

The second assumption on which the Knothe’s theory is based is the proportionality of 
the subsidence process velocity to the difference between values of final subsidence W k and 
temporary subsidence W(t):

 
( ) ( )kdW t c W W t
dt

  (2)

where c – constant.

Both elements of Knothe’s model can be encoded in a computer program, allowing the suc-
cessful prediction of the subsidence in a new exploitation area. After terminating exploitation, 
subsidence should decline according to the formula:

 ( ) exp( )k kW W t W ct   (3)

The surface subsidence resulting from stepwise underground volume changes can be obtained 
by convoluting equation (3) with the volume change steps as they occur over time.

3. Mechanism of subsidence process

The subsidence of mining terrain is not a rapid process but develops over time in a manner 
that is difficult to observe over a short period. It can be assumed that like many of the processes 
occurring on the surface of the earth, such as the movement of dunes, the movement of glaciers 
is the macroscopic result of microscopic processes occurring inside the medium. The stresses as 
a result of discontinuous appearances induce a series of displacements of different sizes, as it is 
shown schematically on the Fig. 2a.

Fig. 2a shows the influence of the random distribution of displacements on the measuring 
point on the terrain surface. As shown in Fig. 2b, there is almost steady growth in subsidence over 
a long period. It is important to evaluate the creation of large components in the displacement 
population. It can be assumed that the development of this process is described by the theory 
of cellular automata (Malamud & Turcotte, 2000) and the theory of self-organised criticality 
(Main, 1995). If the set of elements involved in the process of subsidence is linked to one another 
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with springs, then the displacement is described by elastic theory. If, however, the springs are 
close to breaking and one of them fails, it will cause a further spread of these inelastic deforma-
tions in the form of displacement. Different sizes of avalanches of displacements occur, and the 
displacement at the measuring point is statistically dependent on their distribution. In general, the 
distribution is dependent on the exploitation rate, volume and properties of the disturbed rock mass. 

Fig. 2. The hypothetical subsidence model. (a) Subsidence velocity at the measuring point (s, r) on the terrain 
surface and (b) the total subsidence values over time

4. Stochastic process of creation and decay of displacements

As previously mentioned, the conventional seismic observations in mines are related to the 
seismic effects of fracturing in rock masses. From the physical point of view, we observe the ef-
fects of nucleation, propagation, and the fusion of cracks. The distribution N(E) of seismic events 
with energy E in the population can be described with the following formula (Main et al., 2017):

 
0

0
( ) exp

B
E EN E N
E E

  (4)

where the exponent B > 0 and subscript zero denote the correlation length of the population of 
seismic events E* which is required to maintain a finite flux of strain energy as shown in publi-
cations of Kijko (1985), Lasocki (1989), Marcak (1998), and others. This formula is valid in the 
case of shocks induced by mining and registered by seismic arrays in the mine. The subject of 
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investigations presented in this study is different. The seismic noise with weak seismic events is 
registered continuously from the rock mass disturbed by mining, while the high energy shocks 
appear rarely and only in some parts of rock mass. Frequency of recorded seismic noise and 
their amplitudes are significantly smaller from those recorded for shocks. The seismic noise is 
recorded in the band of up to dozen Hz, whereas frequency of shocks can achieve a few tens of Hz.

The subsidence process has plastic components with a random seeding (Molinari et al., 2014) 
of point defects (necking sites, micro-voiding) in ductile deformations, and number of defects 
per unit volume of the structure is proportional to the mean deformation in this unit (Dequiedt, 
2015). In this conditions, the coalescence of defects has a different character due to fragility of 
rocks (Benzerga et al., 1999), which allows one to assume that the seismic sources are spatially 
independent. This is equivalent to the assumption of a constant fusion cross-section and an ex-
ponential distribution of the defects size (Czechowski, 1993).

Let the probability distribution of the displacements be described by f(φ, t), where φ is the 
length of the element and t is time. The process of creating displacement avalanches at the time 
of subsidence can be described by the Smoluchowski equation (Filbert & Laurencot, 2004):

 0 0

( , ) 1 ( ) ( , ) ( , ) ( , ) (( , )
2

df t K f t f t d K f t d
dt

  (5)

where K(φ,κ) is the probability of transition from state φ to state κ. Therefore, K(φ,κ) is the prob-
ability of avalanche creation. If a kernel K depends only on time, then the solution to equation 
(5) has the exponential form (Czechowski, 1993):

 ( , ) ( ) exp ( )f t A t b t   (6)

where A(t) and b(t) are constants over short periods.

The size of the elements ζ1, ζ2,…, ζn in the set of displacements can be divided into several 
classes, m1, m2,..., mn, and the initial conditions have the form ζ0. Then, the following set of 
equations describes the probability distribution:

 1 1 1 1 2 2 1 1 0 0( ) , ( ) ,...... ( ) , ( )n nf m f m f m f m   (7)

According to Knothe’s theory, the number of elements that are created per unit time (For-
mula 1) is proportional to the rate of exploitation and is distributed according to formula (5). In 
contrast, the decay of these elements has a complex characteristic.

By adopting Knothe’s model, it can be assumed that in short periods, the distribution of the 
displacements is described by the formula (5) however, for the long lapse time it also decreases 
exponentially:

 ( , ) ( ) exp( )i i ig t f c t   (8)

We assumed that the distribution of the displacements (8) also describes the population of 
seismic noise energy. The energy of the seismic signal E is proportional to the rupture surface 
according to the following formula (Koyama 1997):

 

1 ( ) ( )
2 S

E d dS d   (9)
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where dσ is the stress drop on the S surface, and dσ is constant during quasi-stationary subsidence 
process, and dσ is proportional to the displacement. This relation between displacements in rock 
mass and microseismicity is also shown by Wells et al. (1994) and Glowacka (1993).

Let according to formula (7) set of displacements ζ1, ζ2,…, ζn is converted into set of ener-
gies in seismic noise populations φ1, φ2,…, φn, and classes m1, m2,..., mn into energetic classes 
n1, n2,..., nn, and function f1 into function f. 

Let according to formula (6):

 ( ) ( ) exp( )i i if B h t   (10)

where φi is the distribution of seismic energies in seismic noise populations, and B and h are 
parameters. 

Then, 

 ( , ) ( ) exp( ) exp( )i i ig t B h t ct   (11)

where c is parameter.

Further considerations are related to the local distribution of parameter φi rather than the 
time t in the distribution g(φi, t). Interpretation of formula (11) leads to the conclusion that the 
number of elements causing seismic noise should decay with time. 

However, the structure of seismic noise is complicated, and the local distribution of param-
eter φi, related to the subsidence process, is used in further estimations.

According to the exponential function in formula (11), large amplitudes decay more rapidly 
with increasing time compared with small amplitudes, as shown in Fig. 3a, where the lines fit 
the function g(φi, t).

The variability of the parameter ln ( , )ig t  in time, can be described by the function ax 

ln(t) + bx, where ax and bx are constants (Fig. 3b). The values of ln ( , )ig t  calculated from the 

measured data change in time according the same function as ratio be shown on Fig. 3c. This 

indicates that the proposed model may correspond to empirical distributions. 
If we assume that square of the seismic noise amplitude A2 is proportional to its energy, 

then formula (11) has form:

 
2 2( , ) ( ) exp( )exp( )ei ei eig A t B A hA t ct   (12)

For the Gaussian curve of the form e–μ2x2, the length is xi for which the function is greater 

than 1/A, where A > 1 and A equals to 
1 ln( )ix A . Then the linear relationship is obtained 

for the interval of the record in which amplitude is greater than A. This method of describing of 
the seismic noise amplitude distribution is equivalent to formula:

 0 0( , ) ( , ) exp( ( ) )eN t A N t A b t A   (13)

where N(t, A) denotes the total length of time intervals in which the seismic noise amplitude 
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exceeds the value of A(t) and N0(t, A0) denotes the total length of intervals in which the amplitude 
exceeds the minimal amplitude A0.

The assumption that energy of seismic noise is related to the inelastic deformation of the 
rock mass during the subsidence process according to formula (9) and that A2 represents the en-
ergy of the seismic noise leads to conclusion that parameter be is the measure of the changes of 

Fig. 3. (a) Distributions g (φi, t) described by formula (11) for the following parameters: 

B = 100 J, h = 0.3 1/J day, c = 0.5 1/day; (b) the changes of the parameter 
ln ( , )ig t

 calculated 

for the same parameters as in the case (a) in time t = 1,2,3 day; (c) change of the ratio be over the period 
of 32 hours of the test in the Jas-Mos coal mine 
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seismic noise energy distribution during the subsidence process within the rock mass. In result 
the be can be written:

 0 0

1 ( , )ln
( , )e

N t Ab
A N t A

  (14)

where ratio be is estimated for time interval for which seismic noise amplitude distribution does 
not depend on time. If parameter be is independent of A and it is estimated in time interval for 

Fig. 4. (a) Record of one hour of the Z (vertical), X (horizontal N-S), and Y (horizontal E-W) components 
of the seismic noise in the Jas-Mos mine and its amplitude spectra on the day with mining operation 

and (b) without mining operation
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which seismic noise amplitude distribution does not depend on time then it will represent the 
tangent of the plot N(t, A) /N0(t, A0) versus A.

5. Calculation example

A six-week registration of the measured seismic noise in the Jas-Mos coal mine was per-
formed in August and September 2013. A digital CMG-6TD Güralp broadband seismometer of 
0.03-100 Hz with three components and with a sensitivity of 2×1200 V/m/s was used for the 
measurements. The Jas-Mos mine at that time was operated with three longwalls at a depth of 
600-800 meters. Mining operations influence the intensity of recorded seismic noise, almost 
doubling the amplitude values (Fig. 4a,b).

In Fig. 5a, the records of one hour of the horizontal and vertical components of seismic 
noise are presented, and in Fig. 5b, the ratio of vertical to horizontal amplitudes of the measured 
seismic noise. It can be concluded that a large part of the strong noise signals is the result of 
vertical displacement associated with the process of subsidence in the rock mass, as indicated in 
Fig. 5b above level 1 and below –1.

Fig. 5. (a) The absolute values of seismic noise with their amplitude spectra and (b) the ratio of the vertical 
to horizontal amplitude, registered during mining operation from the Jas-Mos coal mine
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Fig. 6. Absolute values of the vertical amplitude of seismic noise and be values estimated from these data 
recorded for one hour periods in the Jas-Mos coal mine on (a) Saturday and (b) Sunday August 3, 2013, 

at 10 a.m. and 6 p.m., (c) the values of be estimated for one hour periods during weekends 
of six subsequent weeks
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Similar subsidence periods should be identified in the recorded noise to analyse the be ratio 
changes during weekend (Saturday and Sunday) when subsidence process decayed (Fig. 6). The 
overnight operation terminated on Saturday before 10 a.m., followed by a break in mining for 
Saturday and Sunday. The be ratio was estimated from four periods of one hour of seismic noise 
(vertical component) starting at 10 a.m. and 6 p.m. on Saturday and Sunday in the six subsequent 
weeks in August and September 2013 (Fig. 6c).

The estimation process occurs in the following stages: 
• Maximal amplitude of the one hour of noise was appointed such that only approximately 

1% of the amplitude population was greater than this value.
• The range from 0 to the maximum value was divided into ten equal levels. The length of 

the time intervals Di in which the value of the noise amplitude exceeds the limit of Ai is 
calculated.

• The parameter Ti = Di /Dhour was calculated.
• The graph of the function of ln(Ti) versus Ai was drawn, and a linear approximation was 

calculated to determine its slope, which is an estimator of be.

The estimated value of the be ratio varies depending on the week (Fig. 6c) but with signifi-
cantly less variation than for the one hour periods starting at 10 a.m. and 6 p.m. on Saturdays 
and Sundays (Fig. 6a,b). Both recorded seismic signals (Fig. 6a and 6b) and the statistically 
estimated be ratio confirmed that the seismic noise can be correlated with the process of subsid-
ence described by Knothe model. The average value of be (Fig. 3c) is similar to that calculated 
directly from formula (11) (Fig. 3b), which confirms that the proposed model is valid. 

6. Conclusions

In the study, we present a conceptual to explain the phenomenon of microseismicity (seismic 
noise) recorded on the terrain surface during exploitation of the underground coal seam. We as-
sume that the phenomenon of microseismicity is associated with the subsidence process within 
rock mass. This subsidence process runs throughout the rock mass from the level of exploitation 
to the terrain surface. The fact that we register microseismicity on the terrain surface with the 
help of sensitive seismometers is the effect of displacements occurring within the rock mass. 
The increase in registered microseismic activity is related mainly to the increase in the intensity 
of displacements, i.e. irreversible small deformations within the rock mass. This intensity of 
deformation is described by the be ratio.  

Finally, it can be concluded, that:
• the changes of subsidence process velocity in rock mass disturbed by mining, which are 

the changes of inelastic deformation in rock mass, are correlated with changes of seismic 
noise energy, and

• the ratio be is the measure of the changes of seismic noise energy distribution, and
• monitoring of the changes of ratio be can be used as a qualitative description of the sub-

sidence process development within the rock mass.

Presented approach requires further research and the obtained conclusions should be confirm 
in other geological and mining conditions.



210

Acknowledgments

This article was prepared as a result of the LOFRES project No. PBS1/A2/13/2013 performed within 
the 1st call of the Applied Research Programme and co-financed by the Polish National Centre for Re-
search and Development. We also thank anonymous reviewers for valuable comments and discussions.

References

Alcott J., Kaiser P., Simser B., 1998. Use of microseismic source parameters for rockburst hazard assessment. Pure and 
Applied Geophysics 153 (1), 41-65.

Broz M., Rocek V., 1979. Seismoacoustic and convergence measurements in the Pribram mining region prone to rock 
burst strata. Publ. Inst. Geophys. Pol. Acad. Sc. M-2 (123), 151-164.

Barron K., 1971. Detection of fracture initiation in rock specimens by the use of a simple ultrasonics listening device. 
Int. J. Rock Mech. Min. Scs. 8, 1, 55-59.

Barton N., 2007. Rock Quality, Seismic Velocity, Attenuation and Anisotropy. Taylor and Francis Group, London.
Benzerga A., Besson A., Pineau J.A., 1999. Coalescence-Controlled Anisotropic Ductile Fracture. Journal of Engineering 

Materials and Technology 121, 221-229.
Bodziony J., Litwiniszyn J., Smolarski A., 1960. New research into rock masses media culture treated as media char-

acterized by stochastic equation. Proc. Int. Conf. Strata Control, Paris, 135-150.
Boyce G.M., McCabe W.M., Koerner R.M., 1981. Acoustic emission signature of various rock types in unconfined compres-

sion. In, Drenvich and Gray (eds.) Acoustic emission in geotechnical engineering practice, ASTM STP 750, 142–154.
Cook N.G.W., 1963. The seismic location of rockbursts. Proc. Fifth Rock Mechanics Symposium, Pergamon Press, 493-518.
Czarny R., Marcak H., Nakata N., Pilecki Z., Isakow Z., 2016. Monitoring Velocity Changes Caused By Underground Coal 

Mining Using Seismic Noise. Pure and Applied Geophysics 173 (6), 1907-1916, doi: 10.1007/s00024-015-1234-3.
Czarny R., Pilecki Z., Drzewinska D., 2018. The application of seismic interferometry for estimating a 1D S-wave ve-

locity model with the use of mining induced seismicity. Journal of Sustainable Mining 17, 209-214, doi: 10.1016/j.
jsm.2018.09.001.

Czarny R., Pilecki Z., Nakata N., Pilecka E., Krawiec K., Harba P., Barnaś M., 2019. 3D S-wave velocity imaging of a sub-
surface disturbed by mining using ambient seismic noise. Engineering Geology 251, 115-127, doi: 10.1016/j.enggeo.

Czechowski Z., 1993. A kinetic model of nucleation, propagation and fusion of cracks. J. Phys. Earth 41, 127-137.
Dequiedt J.L., 2015. Statistics of dynamic fragmentation for a necking instability. International Journal of Solids and 

Structures 94, 32-44, doi: 10.1016/j.ijsolstr.2015.06.028.
Eshelby J.D., 1961. Elastic Inclusion and Inhomogeneities. In Progress in Solid Mechanics, Vol. 2. ed. I. N. Snedonn 

and R. Hill, North-Holland Publishing Company, Amsterdam, 89-140.
Filbert F., Laurencot P., 2004. Numerical simulation of the Smoluchowski coagulation equation. SIAM Journal on Sci-

entific Computing 25, 2004-2028.
Gale W.J., Heasley K.A., Iannacchione A.T., Swanson P.L., Hatherly P., King A., 2001. Rock Damage Characterisation 

from Microseismic Monitoring. Proc. of the 38th U.S. Rock Mechanics Symposium Vol. 2, Lisse, Netherlands, A.A. 
Balkema, 1313-1320.

Gibowicz S., Kijko A., 1994. An Introduction to Mining Seismology. Academic Press Inc., London.
Glowacka E., 1992. Application of the extracted deposit volume as a measure of deformation for the seismic hazard 

evaluation in mines. Tectonophysics 202, 285-290.
Glowacka E., 1993. Excavated volume and long-term seismic hazard evaluation in mines. Rockburst and seismicity in 

mines. Second International Symposium of Rockbursts and Seismicity in Mines Young (ed.). Netherlands, A.A. 
Balkema, 69-73.

Glowacka E., Pilecki Z., 1991. Seismo-acoustic anomalies and evaluation of seismic hazard at the ‘Marcel’ Coal Mine. 
Acta Geophysica 37, 1, 47-59.

Goodman R., 1963. Subaudible noise during compression of rocks. Geol. Soc. Am. Bull. 74, 487-490.



211

Gowd T.N., 1980. Factors affecting the AE response of triaxially compressed rock. Int. J. of Rock Mech. Min. Sci. and 
Geomech. Abstr. 17, 4, 219-223.

Hardy H.R., 2003a. Acoustic Emission/Microseismic Activity 1, Principles. Techniques and Geotechnical Applications, 
A.A. Balkema Publishers.

Hardy H.R., 2003b. Acoustic Emission/Microseismic Activity 2. Geotechnical Field & Laboratory Applications. A.A. 
Balkema Publishers.

Hosseini N., Oraee K., Shahriar K., Goshtasbi K., 2012. Passive Seismic Velocity Tomography and Geostatistical Simula-
tion on Longwall mining Panel. Archives of Mining Sciences 57, 1, 139-155.

Khair A.W., 1977. A study of acoustic emission during laboratory fatigue test on Tennessee sandstone. Proc. First Conf. 
Acoustic in Geological Structures and Material. Trans Tech Publs., Clausthal, 57-86.

Kijko A., 1985. Theoretical model for a relationship between mining seismicity and excavation area. Acta Geophysica 
33, 3, 231-242.

Knothe S., 1953a. Influence of time on the formation of subsidence trough. Archives of Mining and Metallurgy I, 1, 
128-139 (in Polish).

Knothe S., 1953b. The differential equation of displacement in the rock mass. Archives of Mining and Metallurgy I, 1, 
111-127 (in Polish).

Kornowski J., 2003. Linear Prediction of Aggregated Seismic and Seismoacoustic Energy Emitted from a Mining Long-
wall. Acta Montana Ser. A, 22 (129), 5-14.

Kornowski J., Kurzeja J., 2012. Prediction of rockburst probability given seismic energy and factors defined by Expert 
Method of Hazard Evaluation (MRG). Acta Geophysica 60, 2, 472-486.

Koyama J., 1997. The complex process of faulting earthquakes. Kluwer Academic Publishers.
Körmendi A., Bodoky T., Hermann L., Dianiska L., Kàlmàn T., 1986. Seismic Measurements for Safety in Mines. Geo-

physical Prospecting 34, 7, 1022-1037, doi: 10.1111/j.13652478.1986. tb00511.x.
Lasocki S., 1989. Some estimates of rockburst danger in underground coal mines based on the energy of microseismic 

events. Proc. Fourth Conf. Acoustic Emission/Microseismic Activity in Geologic Structures and Materials, Trans 
Tech Publs., Clausthal, 617-633.

Leighton F., Blake W., 1970. Rock noise source location techniques. US Bureau of Mines, RI No. 7432.
Leighton F.W., Steblay B.J., 1977. Applications of Microseismics in Coal Mines. Ser. Rock Soil Mech. 2, 3, 205-229.
Litwiniszyn J., 1964. On certain linear and non-linear models. Proc. Fourth Int. Conf. on Loss Control, Columbia Univ. 

New York, 384-395.
Li T.,. Cai M.F., 2007. A Review of Mining-Induced Seismicity in China. Int. J. Rock Mech. Min. Scs. and Geomechanics 

Abstracts 44, 8, 1149-1171.
Malamud B.D., Turcotte L.D., 2000. Cellular-Automata models applied to natural hazards. IEEE Computing in Science 

& Engineering 2, 3, 42-51.
Main I.G., 1995. Earthquakes as critical phenomena: Implications for probabilistic seismic hazard analysis. Bulletin of 

the Seismological Society of America 85, 5, 1299-1308.
Main I.G., Kun F., Bell A.F., 2017. Crackling Noise in Digital and Real Rocks-Implications for Forecasting Catastrophic 

Failure in Porous Granular Media. In Salje, Saxena and Planes (eds.) Avalanches in Functional Materials and 
Avalanches, Springer International Publishing AG:77- 97.

Maxwell S.C., Young R.P., 1996. Seismic Imaging of Rock Mass Responses to Excavation. Int. J. Rock Mech. Min. Scs. 
and Geomechanics Abstracts 33, 7, 713-724.

Marcak H., 1998. Model for changes in seismoacoustic parameters in mines. Proc. Sixth Conf. AE/MA Activity in 
Geological Structures and Materials, Clausthal-Zellerfeld Trans Tech Publ., 339-346.

Mei J., Lu J., 1987. The Phenomena, Prediction and Control of Rockbursts in China. Proc. Sixth International Society 
for Rock Mechanics 2, 1135-1140.

Mogi K., 1977. Dilatancy of rock under general triaxial stress states with special reference to earth-quake precursors. 
J. Phys. Earth 25, 203-217.

Molinari A., Mercier S., Jacques N., 2014. Dynamic failure of ductile materials. Proc. of the 23rd International Congress 
of Theoretical and Applied Mechanics, ICTAM 2012, Vol. 10, 201-220.



212

Neyman B., Zuberek W., 1967. Seismoakustische Forschungen zum Gebirgschlag problem. Freiberger Forschungshefte 
C 225 Geophysik, 44-61.

Obert L., 1941. Use of subaudible noises for the prediction of rockbursts. US Bureau of Mines, RI No. 3555 Washington DC.
Obert L., Duvall W.I., 1942. Use of subaudible noises for the prediction of rockbursts, Part II. US Bureau of Mines, RI 

No. 3654, Washington DC.
Obert L., Duvall W.I., 1975. Microseismic method of determining the stability of underground opening. US Bureau of 

Mines, RI No. 573 Washington DC. 
Pilecka E., 2008. An analysis of lineament directions on satellite images in the context of the occurrence of induced 

seismicity in the Legnica-Glogow Copper District (LGCD). Gospodarka Surowcami Mineralnymi-Mineral Resources 
Management 24, 2, 135-146.

Pilecki Z., 1992. Zastosowanie rejonowej obserwacji sejsmoakustycznej do kontroli stanu zagrożenia tąpaniami (The 
use of zonal seismoacustic observations for rock burst hazard monitoring). Publications – Institute of Geophysics, 
Polish Academy of Sciences, series M, (M-16 (245)) 203-216 (in Polish).

Pilecki Z., 1995. An Example of Rock Burst Hazard State Control Using a Zonal Seismoacoustic Observation. Proc. 
Fifth Conf. on Acoustic Emission/Microseismic Activity, Trans. Tech. Publications, Clausthal-Zellerfeld, 313-332.

Pilecki Z., 1999. Dynamic analysis of mining tremor impact on excavation in coal mine. Proc. FLAC Symp. on Numerical 
Modeling in Geomechanics, Detournay & Hart (eds), 1-3 Sept. 1999, Minneapollis, USA, 397-400. 

Polanin P., 2015. Application of two parameter group of the Knothe-Budryk theory in subsidence prediction. Journal of 
Sustainable Mining 14, 2, 67-75.

Pomeroy W.P., 1969. Seismo-acoustic measurements in a highly stressed natural environment. EOS Transactions Ameri-
cans Geophysical Union 50, 5, DOI, 10.1029/EO050i005p00400–02.

Scott D.F., Williams T.J., Tesarik D., Denton D.K., Knoll S.J., Jordan J., 2004. Geophysical Methods to Detect Stress 
in Underground Mines. US Department of Health and Human Services, National Institute for Occupational Safety 
and Health DHHS (NIOSH) Publication No. 2004-133, RI No. 9661, 1-18.

Singh M.M., 1985. Review of coal mine subsidence. Control Measurements SME-AIME Transaction 278, Littletown, 
CO, 1988-1992.

Spottiswoode S.M., 1989. Perspectives on seismic and rockburst research in the South Africa gold mining industry. 
1983-1987. Pure Appl. Geophys. 129, 673-679.

Sroka A., Knothe S., Tajdus K., Misa R., 2015a. Point movement trace vs. the range of mining exploitation effects in the 
rock mass. Archives of Mining Sciences 59, 4, 971-986.

Sroka A., Knothe S., Tajdus K., Misa R., 2015b. Underground exploitation inside safety pillar shafts considering the 
effective use of a coal deposit. Mineral Resources Management 31, 3, 93-110.

Vinogradov S.D., 1964. Akusticzeskije nabludenija prociessov rozruszenija gornych porod. Moskva Izdat. „Nauka” (in 
Russian).

Wells D.L, Coppersmith K.J., 1994. New empirical relationships among magnitude, rupture length, rupture width, rupture 
area and surface displacement. Bulletin of the Seismological Society of America 84, 4, 974-1002.

Young R.P., Maxwell S.C., 1992. Seismic Characterization of a Highly Stressed Rock Mass Using Tomographic Imaging 
and Induced Seismicity. Journal of Geophysical Research 97, B9, 12361-12373.

Zuberek W., Chodyń L., 1989. Practical application of the phenomena acoustic emission in rock. Archives of Acoustics 
14, 1-2, 123-142.


