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Abstract: Geophysical methods for local rock burst prediction are currently being developed along
two lines: improving recording equipment and improving data processing methods. Progress in
developing processing methods is constrained by the lack of informative prognostic models that
describe the condition of rock mass, the process of rock mass fracturing, and the phenomena that can
substantiate the choice of both criteria and test parameters of the condition of rock mass and give an
estimate of the time remaining until rock pressure manifestation. In particular, despite achievements
in hardware design, researchers using the seismo-acoustic method to predict rock bursts measure
the acoustical activity or energy capacity of elastic wave scattering after a man-made explosion and
are faced with the dependence of forecast results on destabilizing factors. To solve this problem, we
applied an information and kinetic approach to forecasting. In this article, we discuss the principles
of selecting test parameters that are resistant to destabilizing factors. We propose a micromechanical
model of fracture accumulation in a rock mass block that reflects the dependence of acoustic emission
(AE) parameters on time, which makes it possible to detect the influence of various factors on forecast
data and filter the signals. We also propose criteria and a methodology for rock burst risk assessment.
The results were tested in analyzing the seismo-acoustic phenomena caused by man-made explosions
at the Taimyrsky and Oktyabrsky mines in Norilsk. The article gives examples of using the proposed
criteria. The effectiveness of their application is compared with traditional methods for assessing
rock burst risks and evaluating the stress–strain parameters of rock mass in terms of their being
informative, stable, and representative by means of statistical processing of experimental data.

Keywords: rock burst risk; local forecast; acoustic emission; microfracture density; rock mass;
forecasting; rock burst; core disking

1. Introduction

There is a sharp intensification of the extraction of minerals with an increase in con-
sumption. The use of resources in excess of the replacement rate causes their depletion.
Since minerals are non-renewable resources, one of the possible forms of depletion is
mining. To meet the growing demand in order to ensure sustainable development of
resources, mining enterprises are moving to the development of reserves that were previ-
ously considered unsuitable for extraction, such as off-balance reserves, ores of complex
material composition, areas of the deposit in difficult mining and geological conditions,
and more [1–4]. One of the ways to increase the mineral resource base and resource support
for the sustainable development of a mining enterprise is the transition to the development
of reserves which are located at great depths. However, the extraction of minerals at great
depths is associated with the complexity of monitoring and managing the stress–strain
state of the undermined rock massif [5–7].

As underground mining goes deeper and man-made stresses around mine workings
are growing, the issue of combating rock pressure manifestations in ore deposits becomes
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increasingly important in mining theory and practice [8,9]. The consequence of the change
in the stress–strain state of the massif as a result of mining operations is the development
of subvertical disturbances, leading to the destruction of the waterproof layer and failures
on the surface [10]. The problem of predicting the intensity of rock pressure manifestations
has become of particular significance due to the need to consider the implementation of
preventive measures when preparing plans for developing deep levels at both new and
already operating mines [2,11,12]. No less important are the development and selection of
practical methods and technical means for predicting stress–strain parameters of rock mass
and assessing rock burst risks [13–16].

Extracting ore from deep levels that are prone to rock bursts necessitates improving
the safety of workers, which requires improving methods and techniques for monitor-
ing rock mass parameters [17–19]. Among them is the acoustic emission (AE) method,
which is approved by Rostekhnadzor [20] as one of the geophysical methods for rock
burst risk assessment. The AE method is being upgraded in terms of both hardware and
methodology [21–24], but the developments are not effective enough due to the lack of a
reliable methodological basis for searching for correlations between the AE parameters
being measured and the parameters of rock mass [25–27]. In particular, despite progress in
hardware design, tests are still based on measuring acoustical activity, the total number of
pulses, or the energy capacity of elastic wave scattering after a man-made explosion, and
researchers have to deal with the dependence of tests results on the influence of destabi-
lizing factors [28–30]. It seems possible to solve the problem by using an information and
kinetic approach to predicting rock fracturing and designing kinetic models of processes
and phenomena preceding a rock burst, which can serve as guiding principles in the search
for informative criteria and test parameters [31]. The purpose of the study is to justify
effective AE analysis criteria and rock burst prediction methods that have low sensitivity to
noise and are most closely related to the time remaining until rock pressure manifestation.

2. Materials and Methods

The proposed approach assesses rock burst risks by means of simulating the process
of rock fracturing and monitoring the resulting phenomenon of elastic wave scattering,
which manifests itself most intensely in the initial period of stress redistribution caused by
new voids in a rock mass block after a man-made explosion. The basis of modeling is the
relationship between the primary informative parameters of AE (ξ) and the parameter of
damage to the material or rock, which is fracture density C(t) caused by the fracturing of
structural elements [31,32], described by the following equation:

ξ(t) = kAEC(t), (1)

where t is the current time and kAE is the acoustic emission factor (AEF), which reflects the
similarity between the fracturing and elastic wave scattering processes or the acoustically
active volume of the material and is described by the equation below:

kAE = V
y

∆t, f ,u
Φ(∆t, f , u)dud f d∆t (2)

where V is the volume of the material being tested and Φ(∆t,f,u) is the density function of
AE signal distribution by pauses ∆t, frequency f, and amplitude u. Model (1) is informative
as it stabilizes AEF and connects the fracture density accumulation rate C(t) with time
to failure.

The time dependence of fracture density is described as follows:

C(t) = C0

∫ ω0+∆ω

ω0

Ψ(ω)

{
1− exp

[
−
∫ t

0

dt′

θavg
(U0, ω(t′))

]}
dω (3)
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where C0 is the initial density of structural elements,ω is the strength parameter of the struc-
tural element of the test object material that depends on the time-varying tensile stresses
σ(t) in the structural element, andω(t) is the time dependence of the strength parameter:

ω(t) = γσ(t)/KT (4)

where γ is the structurally sensitive coefficient; K is the Boltzmann constant; T is the absolute
temperature; Ψ(ω) is the distribution density function of the values of ω by structural
elements; θavg(U0,ω(t)) = τ0 exp[U0/(KT) − ω(t)] is the average time before one structural
element fails, which is found by the Zhurkov formula [33]; τ0 is the atomic oscillation
period; U0 is the energy that activates the process of fracturing;ω0 is the lower limit of the
range ofω; ∆ω is a representative dispersion range ofω values by structural elements.

Equation (1), used for testing structural materials at the microscale level, also extends
to the scale of an elastic wave scattered around the void formed by an explosion. Thus,
Equation (1) is a universal multilevel model of time dependence of acoustic emission
parameters recorded at the stage of scattered fracturing of any scale for a material char-
acterized by strength heterogeneity. With a known critical fracture density C* ≈ 0.01C0,
it is possible to find time to failure. Various primary AE parameters (ξ) act as analogs
of C(t), namely the number of discrete AE pulses recorded (N∑), the total AE count (N),
the relative total amplitude, or any dimensionless combination of these parameters. A
significant dependence of the activity and amplitude of AE signals on the conditions of
signal registration and elastic wave propagation reduces the reliability of the AE forecast
and the effectiveness of safety measures based on it. Signal registration conditions are
affected by the individuality of each recording channel (Figure 1), which affects AEF (2),
thus destabilizing the relationship between the primary parameters or AE energy and the
parameters of rock mass.

Resources 2022, 11, 87 3 of 11 
 

 

where C0 is the initial density of structural elements, ω is the strength parameter of the 
structural element of the test object material that depends on the time-varying tensile 
stresses σ(t) in the structural element, and ω(t) is the time dependence of the strength 
parameter: 

ω(t) = γσ(t)/KT (4)

where γ is the structurally sensitive coefficient; K is the Boltzmann constant; T is the ab-
solute temperature; Ψ(ω) is the distribution density function of the values of ω by struc-
tural elements; θavg(U0,ω(t)) = τ0 exp[U0/(KT) − ω(t)] is the average time before one struc-
tural element fails, which is found by the Zhurkov formula [33]; τ0 is the atomic oscillation 
period; U0 is the energy that activates the process of fracturing; ω0 is the lower limit of the 
range of ω; Δω is a representative dispersion range of ω values by structural elements. 

Equation (1), used for testing structural materials at the microscale level, also extends 
to the scale of an elastic wave scattered around the void formed by an explosion. Thus, 
Equation (1) is a universal multilevel model of time dependence of acoustic emission pa-
rameters recorded at the stage of scattered fracturing of any scale for a material character-
ized by strength heterogeneity. With a known critical fracture density C* ≈ 0.01C0, it is 
possible to find time to failure. Various primary AE parameters (ξ) act as analogs of C(t), 
namely the number of discrete AE pulses recorded (N), the total AE count (N), the rela-
tive total amplitude, or any dimensionless combination of these parameters. A significant 
dependence of the activity and amplitude of AE signals on the conditions of signal regis-
tration and elastic wave propagation reduces the reliability of the AE forecast and the 
effectiveness of safety measures based on it. Signal registration conditions are affected by 
the individuality of each recording channel (Figure 1), which affects AEF (2), thus desta-
bilizing the relationship between the primary parameters or AE energy and the parame-
ters of rock mass. 

 
Figure 1. AE parameters as a function of the distance L from the AE transducer to its source: (a) the 
total number of AE pulses (NΣ) registered by different recorders over the stress relaxation period as 
a function of the distance L from the AE transducer to its source at a blast area in the Taimyrsky 
mine operated by Norilsk Nickel; (b) the amplitude u of AE signals as a function of the distance L 
to the AE transducers with resonant frequencies of 320 kHz (1) and 180 kHz (2). 

This approach to forecasting makes it possible to identify the predicted stage of ho-
mogeneous fracturing, formulate the conditions for AE testing correctness, and propose a 
number of informative indicators to be used in the AE testing of the strength parameters 
of structural materials. They are connected with the fracture rate at the stage of homoge-
neous fracturing, the moment of critical fracture density, and the degree of risk, and are 
also resistant to the influence of destabilizing factors [34]. As the testing optimization prin-
ciples underlying the process are universal, the proposed indicators can be extrapolated 

Figure 1. AE parameters as a function of the distance L from the AE transducer to its source: (a) the
total number of AE pulses (N∑) registered by different recorders over the stress relaxation period as a
function of the distance L from the AE transducer to its source at a blast area in the Taimyrsky mine
operated by Norilsk Nickel; (b) the amplitude u of AE signals as a function of the distance L to the
AE transducers with resonant frequencies of 320 kHz (1) and 180 kHz (2).

This approach to forecasting makes it possible to identify the predicted stage of
homogeneous fracturing, formulate the conditions for AE testing correctness, and propose
a number of informative indicators to be used in the AE testing of the strength parameters of
structural materials. They are connected with the fracture rate at the stage of homogeneous
fracturing, the moment of critical fracture density, and the degree of risk, and are also
resistant to the influence of destabilizing factors [34]. As the testing optimization principles
underlying the process are universal, the proposed indicators can be extrapolated onto
rocks as well. We use relative stress (FAE), as well structure parameters and decline in
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activity, or the structure factor (XAE), as AE indicators of the stress–strain parameters of a
rock mass block. The WAE durability factor is used as an indicator of rock burst risk that
reflects time to failure in the borehole zone (Table 1).

Table 1. Multi-model multilevel concentration and kinetic AE strength indicators resistant to interfer-
ence and destabilizing factors in AE testing.

AE Indicator Micromodel Nanomodel Property

FAE lnξ1/lnξ2 σ1/σ2 Relative stress
XAE (s−1) dlnξ/dt γ

.
σ/KT Structure and decline in activity

WAE dlnξ/dKs * ω=γσ/KT Durability
* Ks is the stress factor (ratio of test stress to working stress).

3. Results and Discussion

AE signals were recorded and their parameters were measured after man-made explo-
sions at the Taimyrsky and Oktyabrsky mines, located in Norilsk and operated by Norilsk
Nickel. The aim of the explosions was to break down the ore being mined. The equipment
used for AE signal recording is described in [31].

In most cases, the N′Σ number of AE signals recorded per unit time t of decline in
activity varied according to the exponential law described by the micromechanical model
(1) for the case of homogeneous fracturing (Figure 2):

N′Σ(t) = kAEC0 exp

[
γ(σ0−

.
σt)−U0

KT

]
τ0

= N′0Σ exp(−αt) (5)

where σ0 is stress after the explosion,
.
σ is the average rate of their decline, N′0Σ is the seismo-

acoustic activity at the initial time of its decline, and α = γ
.
σ/KT = XAE = dlnN′Σ(t)/dt is

the AE decline rate indicator. The correlation coefficient between the real value and that
calculated by Equation (5) for N′Σ in various recording cases averaged 0.9, which confirms
the adequacy of the model (5). This is notable for the difference in the number of pulses
recorded by different sensors at the same distance (Figure 1) or from a single signal source
(Figure 2), which indicates that this parameter is unstable in relation to the state of the array.
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Figure 2. The results of testing the time dependence of the AE caused by man-made explo-
sions at mines in Norilsk: (a) for various channels when passing through the partially safe zone;
(b) for various channels when passing through the zone with high bearing pressure; (c) for the zone
associated with rock burst risks.

It was found that the AE caused by an explosion reached the maximum value of N′0Σ
at the first moment (1 to 2 min) and then decreased to N′pΣ. The results were described by
the equations of the micromechanical model:

N′0Σ =
kAEC0exp σ0γ

KT

τ0 exp U0
KT

= ADexpω0 (6)

N′pΣ =
kAEC0exp σpγ

KT

τ0 exp U0
KT

= ADexpωp (7)

The number of AE pulses accumulated in time t according to the law is found
as follows:
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NΣ(t) =
ADKTexp γσ0

KT

(
1− exp−γ

.
σt

KT

)
γ

.
σ

= ADexpω0[1− exp(−αt)]/α (8)

where AD = kAEC0

τ0exp
(

U0
KT

) is the acoustic emission activity factor.

Figure 3 shows experimentally recorded data illustrating changes in the parameters
N′0Σ, α, and NΣ(τp) depending on the stress levels in the mine working being developed,
which depend on the stress ratio σ/[σ]avg and were analyzed using core disking [20].
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the decline rate α, and the total emission N(τp).

As Figure 3 shows, the relationship between the AE parameters and the stresses in
rock mass corresponds to the relationship described by Equations (5)–(8). For rock mass in
a quasi-static homogeneous stressed state, with average stresses σp in it being constant, the
time τ* reflecting rock burst risk is found based on the condition that fracture density C(t)
has reached the critical value C* using the following equation [19,31]:

τ∗ = 0.01τ0exp
U0 − γσp

KT
=

A
expωp

(9)

The values of τ0, U0, K, T, A = 0.01τ0expU0/KT on the right side of Equation (9) are
relatively stable and, as a rule, are known or can be found a priori before testing. Therefore,
rock burst risk assessment is reduced to a posteriori determination of only the valueωp of
Equation (9), for example, using the AE index WAE = γσ/(KT) (Table 1).

The value of the durability factor WAE is found as follows.

- For the rock mass block at the time of the explosion:

W0AE = γσ0/(KT) =
[
ln
(

N′0Σ /N′pΣ)]/∆K0,

where ∆K0= σ0/[σ] − σp/[σ] ≈ [1 − FAE] is the change in the stress factor during the
stress relaxation period after the explosion, FAE= ln (N′0Σ/N′pΣ) ≈ σp/σ0;
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- In equilibrium:
WpAE = γσp/(KT) =

[
ln
(

N′0Σ /N′pΣ)]/∆Kp,

where ∆Kp = σ0/σp − σp/σp ≈ 1/FAE − 1 is the change in the stress factor for a rock
mass block in equilibrium.

To formulate an indicator that is informative regarding rock burst risks, the WAE
values should be compared with the allowable threshold values [WAE], which are found
for a rock block being fractured in θexp time and do not depend on factors affecting the
results of AE testing:

[W0AE] = ln (τ0/θexp) + U0/(KT).

For τ0 =10 −13 ÷ 10 −15 s, θexp ≈ 1 ÷ 1000 s, U0/KT = 50 ÷ 60 [9,34], we have
[W0AE] ≈ 10 ÷ 30, [WpAE] ≈ 1 ÷ 2, which is taken as the universal constant for a rock
mass block.

Let us consider the results of recording seismo-acoustic signals in rock mass after
explosions in zones with different levels of rock pressure (the Taimyrsky mine of Norilsk
Nickel). In the safe zone, AE signals registered by Channel 1 have the following values
(Figure 2a):

- At the initial moment of the decline in activity N′0Σ = 62 min–1, ln N′0Σ = 4.1.
- At the final moment of the decline in activity N′pΣ = N′Σ (16) = 2 min−1, ln N′pΣ = 0.69.

The value of the AE indicator of the stress parameters in the rock mass block is:

FAE =
ln N′pΣ

ln N′0Σ
=

ln(2)
ln(62)

= 0.168

The value of the durability factor for the borehole zone is:

WpAE = ln
(

N′0Σ /N′pΣ)/∆Kp = ln(62/2)/(1/0.168− 1) = 0.69 < [WpAE],

W0AE = ln
(

N′0Σ /N′pΣ)/∆K0 = ln(62/2)/(1− 0.168) = 4.127 < [W0AE].

As FAE < 0.5, WpAE < [WpAE], W0AE < [W0AE], there are no rock burst risks. The zone
belongs to Category III, meaning that there is no immediate danger of rock bursts.

Similarly, in the zone with high bearing pressure (Figure 2b),

FAE =
ln N′pΣ

ln N′0Σ
=

ln(23)
ln(195)

= 0.595.

The value of the durability factor for the borehole zone is:

WpAE = ln
(

N′0Σ /N′pΣ)/∆Kp = ln(195/23)/(1/0.595− 1) = 4.04 > [WpAE],

W0AE = ln
(

N′0Σ /N′pΣ)/∆K0 = ln(195/23)/(1− 0.595) = 5.27 < [W0AE]

Taking into account the change in the AE testing procedure caused by a decrease in
the average amplitude of the AE signals over time in the process of stress relaxation [35],
the adjusted values are:

FcorAE = 1.1 FAE = 0.654

The values of the durability factor for the borehole zone are as follows:

WpAE = ln
(

N′0Σ /N′pΣ)/∆Kpcorr = ln(195/23)/(1/0.654− 1) = 4.04 > [WpAE],

W0AE = ln
(

N′0Σ /N′pΣ)/∆K0 corr = ln(195/23)/(1− 0.654) = 6.18 < [W0AE].
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As FAE > 0.5, WpAE > [WpAE], W0AE < [W0AE], the zone is classified as belonging to
Category II, meaning that there are rock burst risks, the mine working must be stress-
relieved, and mining operations are carried out according to standard methods.

Similarly, in terms of rock bursts (Figure 2c), FAE = 0.94, WpAE = 12.86, W0AE = 13.67,
FAE > 0.5, WpAE > [WpAE], W0AE > [W0AE]; the zone belongs to Category I, which means
there are increased rock burst risks.

Tables 2 and 3 compare AE testing parameters in terms of their being informative
(correlations with σ/[σ]avg values in different rock mass zones), stable (variability across
recording channels), and representative of the rock mass parameters.

Table 2. Correlation between relative stresses in the mine working being developed and AE parame-
ters calculated factoring in the metrological heterogeneity associated with a decrease in the amplitude
of AE signals in the process of stress relaxation.

Explosion
Number N∑(τp)1

N’0Σ1,
min−1 WpAE1 W0AE1 WavgAE1 WavgAE FAE1

XAE1,
min−1

Rock Pressure,
σ/[σ]avg

114 3193 142 2.08 5.56 3.82 3.55 0.37 0.02

Increased rock
pressure, 1.325

115 2175 173 3.24 5.76 4.5 4.42 0.56 0.04
116 2415 198 3.33 5.91 4.62 4.71 0.56 0.02
208 1046 182 1.24 5.35 3.29 3.03 0.23 0.12
212 1031 195 4.04 6.18 5.11 4.35 0.65 0.12
214 1607 256 3.09 6.07 4.58 3.69 0.51 0.07
215 2092 241 1.58 5.68 3.63 3.27 0.28 0.08
217 1413 204 3.42 5.97 4.7 3.94 0.57 0.1

200 1519 186 1.39 5.23 3.31 3.06 0.27 0.12 Partly safe, 1
205 672 135 1.1 4.91 3 2.91 0.22 0.06

131 580 134 1.1 4.9 3 2.2 0.22 0.04

Safe, 0.7

138 332 122 1.79 4.8 3.3 2.41 0.37 0.19
184 117 51 1.1 3.93 2.52 2.69 0.28 0.19
186 97 46 0.69 3.83 2.26 2.47 0.18 0.29
188 193 83 1.1 4.42 2.76 2.76 0.25 0.32
194 64 35 1.1 3.56 2.33 2.35 0.31 0.29
197 198 62 0.69 4.13 2.41 2 0.17 0.14

Correlation
coefficient for ρ
and σ/[σ]avg

0.83 0.85 0.75 0.9 0.85 0.86 0.66 −0.69

W1AEp, W0AE1, and WavgAE1 are values of the WAE parameter calculated from the results of signal registration by
the first channel in equilibrium, at the initial moment of recording, and as an average value, respectively; WavgAE
is the average value of the WAE for four recording channels.

Table 3. Values of the coefficient of variation V for the recording channels and the representativity
ratio |ρ|/V of the AE parameters.

Test Parameter N∑(τp)1 N’0Σ1 XAE FAE WpAE W0AE WavgAE

Coefficient of variation V 0.062 ÷ 0.68 0.04 ÷ 0.74 0.02 ÷ 0.26 0.07 ÷ 0.43 0.07 ÷ 0.51 0.01 ÷ 0.28 0.04 ÷ 0.67
Average values Vavg 0.32 0.3 0.1 0.24 0.27 0.08 0.19

Representativity ratio
|ρ|/Vavg

2.59 2.83 6.9 2.75 2.78 11.25 4.53

As can be seen from the tables, the concentration and kinetic indicators are the most
valuable (Table 1), which is due to the optimization principles underlying the information
and kinetic approach. Table 4 shows an example of how rock bursts can be predicted.
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Table 4. Rock burst risk assessment (local forecast).

Rock Burst Risk Category Rock Burst Risk Indicator Rock Mass Description in Terms of Rock Burst Risks

I W0AE > 7

Increased rock burst risks.
Mine workings must be immediately stress-relieved;

additional precautionary measures are required to ensure
safety in the workplace; mining operations are carried out

using special methods.

II 5 < W0AE ≤ 7 Rock burst risks. Mine workings must be stress-relieved;
mining operations are carried out using standard methods.

III W0AE ≤ 5
No immediate danger of rock bursts.

No special measures are needed; ongoing rock burst
assessment is carried out.

4. Conclusions

We have demonstrated the efficiency of using an information and kinetic approach and
a micromechanical model of time dependence of the AE parameters recorded after a man-
made explosion for interpreting the results of recording AE signals in rock mass. Testing
parameters have been substantiated that are connected with time until the moment of rock
pressure manifestation, as well as the indicators reflecting the stress–strain parameters
of a rock mass block. What makes the presented material original is that the previously
formulated parameters XAE and WAE (concentration and kinetic indicators) that were used
in testing objects of other types (welded structures, composite materials, pipelines, pressure
vessels, etc.) have been successfully applied to rock burst risk assessment. The results
produced confirm the universality of these parameters and the underlying principles
of information optimization in testing. The difference between the presented research
methodology and the previously published ones lies in changing the type of loading
of the object under test by switching from uniform or sustained loading to unloading
in the process of stress relaxation after a man-made explosion, changing the frequency
range of signals and the type of equipment, and using a new mathematical model of the
WAE parameter presented in the article. The article also contains new information on the
statistical processing of experimental data, confirming that the concentration and kinetic
indicators of strength are more informative compared to the energy indicators that are
traditionally used.
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