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Abstract Keywords 
The results of studies of the conditions for the formation 
of submicron particles from the surface of the rock 
formation under the influence of external factors are 
presented. The deformation and destruction of the mass 
of rock formations under the conditions of anthropo-
genic activity under the influence of rock pressure and 
blasting are characterized by the origin and development 
of structural defects at various scale levels. A method for 
recording the emission of submicron particles is pro-
posed to carry out experimental work forstudies of the 
process of disintegration and the formation of free parti-
cles. The results of laboratory studies of the stress-strain 
state of rock formation samples with a through cylindri-
cal cavity under uniaxial compression, made on the basis 
of a physical model for the formation of submicron 
particles from the surface of the samples under study, 
are presented. The sizes and nature of changes in stress 
concentration zones and fracture under quasi-static 
uniaxial loading of specimens are determined. The load-
ing limits have been established to ensure the transfer  
of rock formation samples to the pre-fracture state. The 
obtained results are necessary for the development of a 
fundamentally new method and hardware-technical 
base for recording dynamic forms of manifestation  
of rock pressure and prediction of rockbursts in the 
conduct of underground mining. The results of experi-
mental-industrial tests of the method for determining 
the stress-strain state of a specific section of a rock for-
mation massif based on the phenomenon of submicron 
particle emission are presented 
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Introduction. In the last decade, the modern development of the scientific 
research base provides an opportunity to study in detail the physical processes at 
all dimensional levels [1−5]. Technological processes for the extraction of 
minerals by the underground method depend on a variety of geophysical factors 
and require the prompt assessment of the state of the environment to ensure  
the safe and efficient extraction of mineral raw materials [6–8]. The increase in 
the scope of mining is directly related to the increased risk of the appearance of 
catastrophic situations in mining enterprises. With an increase in the depth  
of development, difficulties arise during the transportation of broken rock, 
ventilation of mine workings, operation of mining equipment, etc. Under the 
influence of static and dynamic loads, the rockformations around the workings 
pass into a state of extreme deformation and are destroyed under conditions of 
heterogeneous stress conditions [9–11]. In this regard, the safety of mining 
operations is of particular importance in the development of deposits at great 
depths and in difficult mining and geological conditions. 

The results of theoretical and experimental laboratory studies of the 
formation of submicron particles during deformation and destruction of rock 
formations, made in ICEMR RAS, became the basis for developing a method for 
predicting catastrophic phenomena in the conduct of underground mining. 

Theoretical prerequisites for the formation of nanoscale particles during 
deformation and destruction of rock formations. The phenomenon of 
separation of rock fragments from the outcrop surface is a consequence of the 
high internal energy of the geomaterial. On the scale of macro fracture, it is well 
known as the phenomenon of  “shooting” and peeling of rocks from the walls of 
mine workings, and on the microscopic scale as fracture emission, shear, and 
separation of micro- and nanostructured fragments [12−14]. Similar 
phenomena are characteristic of other materials, in particular, metals [15]. 

It is known that mechanical testing of rock formations is one of the most 
important types of research that allow you to determine their ability to resist 
deformation and destruction under the influence of external loads. It should be 
noted that through a cylindrical cavity in the sample is an important feature of 
these studies. It is an artificial macroscopic heterogeneity, the dimensions of 
which can be varied, and serves as a stress concentrator under uniaxial 
compression of the sample, which allows fixing the beginning of the process of 
microfracture of the cavity surface at an early stage of loading. In addition, this 
design ensures the tightness of the measuring scope of the cavity from particles 
from the environment. 

The performed laboratory studies are aimed at studying the conditions for 
the formation of submicron particles under various loading conditions. The 
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scope of the research included samples of cylindrical ferruginous quartzite, 
subjected to uniaxial compression at a load of P = 0–270 kN in four types of 
loading and several cycles, the number of which was chosen depending on the 
loading rate. The first three types of loading suggested stepwise uniaxial 
compression of specimens with fixed loading steps of 15, 30, and 45 kN, 
respectively. The loading time of one stage was a constant parameter and was  
10 s. The loading rate for the three types of tests 1.5, 3.0 and 4.5 kN/s. After each 
load cycle, the sample remained in a static state for 60 s. Such an approach made 
it possible to monitor the dynamics of particle formation not only with an 
increase in the load applied to the sample but also under conditions of static 
uniaxial compression during the entire test time. 

For the conditions of the laboratory studies, new qualitative and quantitative 
general factors for the emission of submicron particles for various types of loading 
were determined. It has been established that for a species with the lowest loading 
rate of 1.5 kN/s, the emission increase, amounting to dozens of submicron 
particles, starts at a load P = (0.3–0.5)P*, where P* is the limit value of the load. 
The load (0.5–0.7)P* is accompanied by the ejection of hundreds of particles, and 
under a load (0.80−0.95)P* thousands and tens of thousands of particles are 
formed. Under conditions with the fastest loading rate of 4.5 kN/s, the emission 
growth is significant, even at a lower load of 0.25P* hundreds of particles were 
recorded, at 0.5P* the number of particles reached thousands, and at 0.75P* tens 
of thousands. For conditions with a loading rate of 3.0 kN/s, quantitative results 
are intermediate between the above two types of loading. The fourth type of 
loading implied the load of the sample with a constant rate of 28.5 kN/min from 
zero to the decomposition of the sample; particles were recorded at a load of (0.4–
0.8)P* with a sharp increase in their number at a load (0.90–0.95)P*. The results of 
studies of the emission of submicron particles under uniaxial compression and 
various types of loading are shown in Fig. 1. 

The following is established: 
– the beginning of emission of submicron particles, its intensity and 

dynamics depend on the rate of uniaxial stepwise loading of samples, which is 
explained by the energy required for the growth of existing microcracks and the 
formation of new ones, this leads to the disintegration of rock formations on the 
surface of a cylindrical hole; 

– peak emission values of submicron particles with stepwise uniaxial loading 
correspond to the moment of increasing load, which is a consequence of the 
growth and redistribution of stresses along the contour of the cylindrical hole; 

– the method of evaluation of the stress-strain state of rock formation 
samples by the emission of submicron particles is highly sensitive to external 
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influences, which allows to register the beginning of the process of rock 
formation destruction and to control its dynamics in the process of loading; 

– the intensity of particle emission is a criterion for the variation of the 
stress-strain state of the rock sample under quasi-static loading and is 
characterized by an exponential dependence on the loading, and is also an 
indicator of the approaching macro fracture of the sample; 

– a decrease in the emission of submicron particles under cyclic dynamic 
effects on rock formation samples is explained by the initial uncovering of 
existing microcracks and the need for energy storage to form new surfaces. 
 

 

Fig. 1. The results of studies of the emission of nanoparticles when testing samples  
of ferruginous quartzites with step loading at a rate of 1.5 kN/s (a)  

and with a constant loading rate of 0.475 kN/s (b) 
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The conducted studies prove the dependence of the emission of submicron 
particles on the quasistatic and dynamic loading of rockformation samples and 
serve as the basis for the development of a new method for predicting man-
made accidents under the influence of external factors during underground 
mining of mineral deposits based on further selection of particle emission 
criteria for uncontrolled decomposition of a rock formation mass. 

The control method of the stress-strain state, based on recording the 
radiation of submicron particles, is radically different from other known 
methods, such as acoustic emission, electromagnetic radiation, infrared 
radiation, etc. [16–18], which are informative at the preliminary stage of 
deformation of the test sample. The advantage of this method is the ability to 
analyze the process of decomposition (rock formation decay) and judge the 
degree of rock formation decay (this method can be used to work with decaying 
material). An assessment of the stresses of the medium in the area of 
preliminary deformation can be carried out according to the state of decay on 
the walls of the cylindrical hole, where the stresses are 3 times higher than the 
rock strength. With regard to field conditions, local application of this method is 
possible in areas with high tectonic stresses, in the reference pressure zone 
(where primitive rock formation is in a state of out-of-scale deformation, and 
decomposition comes with varying degrees of disintegration), etc. 

Analysis of studies of the formation of submicron particles and the method 
of their registration showed that the state of destruction of the sample is 
accompanied by a sharp increase in particle emission, which indicates rapid 
destruction. Thus, the proposed method will allow increasing the reliability of 
predictions of dangerous dynamic phenomena in mining when used along with 
other known methods. 

Simulation of conditions for conducting experiments and pilot-scale 
research, analysis of the results obtained. To assess the effect of tectonic 
stresses on the walls of the mine workings, a finite element simulation was 
performed using the ANSYS software package. The following rock formation 
properties are specified: density 3900 kg/m3; Young modulus 116.7 GPa; 
Poisson’s ratio 0.33; bulk modulus of elasticity of 114.4 GPa; shear modulus 
43.872 GPa; production of a vaulted shape 3 m wide and 3 m high. 

In both walls with a pitch of 2.5 m, along the mine workings, the horizontal 
blast-holes with a diameter of 32 mm were drilled at a distance of 0.5 and 1.0 m 
from the floor. Vertical blast-holes with a diameter of 32 mm were drilled in the 
fornix of the mine workings. The load on the walls of the mine workings on 
both sides (pressure 150 MPa) was set. 
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View of the hole collar of a horizontal blast-hole drilled at a distance of 1 m 
from the floor, its horizontal and vertical sections are shown in Fig. 2. Under the 
influence of the load in the hole collar of the blast-hole, tensile (up to 506 MPa) 
and compressive (up to 37 MPa) stresses arise in the hole of the hole. 

 

 

 
Fig. 2. View of the hole collar of a horizontal blast-hole (a), its vertical (b)  

and horizontal (c) sections 
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A similar picture is also observed under the uniaxial quasi-static loading of a 
rock specimen [19, 20]. Since the values of tensile stresses significantly exceed 
the ultimate tensile strength for ferruginous quartzite ( p = 15 MPa), 
disturbances can form at the places where these stresses are concentrated, which 
can lead to the emission of particles that serve as a precursor of the dynamic 
destruction of the rock. 

The opposite pattern is observed in the vertical blast-hole drilled in the roof 
of production: compressive stresses exceed tensile strength by almost two orders 
of magnitude, reaching 1.5 GPa and 30 MPa (Fig. 3). Since tensile stresses here 
are 2 times greater than the tensile strength, violations can also form in these 
zones, leading to the formation of submicron particles and their emission. 

Blast-holes (see Fig. 2 and Fig. 3), drilled both in the wall and in the roof of the 
mine working, are a zone of concentration of tensile stresses in the rock formation 
exposed to strong tectonic stresses and due to the emission of submicron particles, 
including those caused by external dynamic effects can be an indicator of the 
likely development of dynamic phenomena, including rockbursts. 

 

 
Fig. 3 (Part 1). View of a hole-collar vertical blast-hole (a),  

it’s cut perpendicular (b) to loading axis 
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Fig. 3 (Part 2). View of a hole-collar vertical parallel (c) to loading axis 
 
To carry out field studies, a “Program and methodology for conducting 

pilot-scale studies of the emission of submicron particles in underground mines 
prone and dangerous to rockbursts for predicting emergencies” has been 
developed. 

Pilot-scale studies of the emission of submicron particles were carried out at 
the Oleniy Ruchey deposit located in the extreme southeastern part of the 
Khibiny massif in the valleys of the Mineral Ruchey and Oleniy Ruchey at a 
distance of 22 km from the city of Kirovsk (Murmansk Region). The 
geomechanical state of the Khibiny massif is characterized by a highly 
inhomogeneous stress-strain state. One of the main factors of accumulation and 
relaxation of stresses in the massif (when a certain level is reached) in the form 
of dynamic forms of rock pressure of high energy class, related to man-made 
earthquakes, is a large amount of seized and displaced rock mass at the Khibiny 
mines. Analysis of the locations of the foci of these events showed that the rock-
tectonic bursts and man-made earthquakes occur near zones of tectonic 
disturbances, oxidized zones and faults, are grouped in the field of mining. In 
the course of geodynamic studies at the Khibiny mines, more than 70 rockburst 
were recorded, which are divided into two types: 

1) single, when the scope of rock dump is less than 5 m3 and the linear size 
of the disturbed zone is less than 10 m; 

2) rockbursts and man-made earthquakes, the values of the parameters of 
the area of destruction for which are much higher. 

The separation of rockbursts into two types is associated with both the scope 
of dumps and the size of the disturbed zone, as well as the various mechanisms 
established for these phenomena. At the same time, both explosive faults and 
internal progress (shifts and cleaves) manifested within the minefields of the 
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mined deposits are sources of seismic signals. Such phenomena are the main 
destabilizing factor in mining at the Khibiny mines. 

To conduct pilot-scale studies of the emission of submicron particles at the 
Oleniy Ruchey deposit, an underground mine working was chosen (lateral drift 
of the horizon +140). Six blast-holes with a diameter of 42−45 mm and a depth 
of 1 m were drilled in the wall of the mineworkings. Blast-holes were located at a 
height of 1.5 m from the base of the mine working in 3 m steps from each other 
and were cleaned in advance of the drilling fines generated during drilling. The 
object of research is the blast-holes in which the measuring probe is installed. To 
isolate the blast-hole scope from the fine particles of the mine atmosphere, a 
sealant and a high-performance air filter are used that do not let in particles 
larger than 100 nm. The Hand Held 3016 aerosol particle counter was used to 
measure the emission of submicron particles, which allows continuous 
registration of particles in six-dimensional ranges in the range of 0.3−5.0 m 
and more than 5 m. 

The studies were performed in three stages. 
1. Registration of particle emission in each blast-hole for 10 min. 
2. Daily analysis of each blast-hole. 
3. Study for 20 days. 
At the first stage, preliminary results of the emission intensity of submicron 

particles in six blast-holes were obtained. The second stage is aimed at more 
detailed monitoring within 24 hours. The final stage was the long-term moni-
toring of the blast-hole, located in the most dangerous part of the mineworking, 
representing the potential danger of a sudden collapse of the rock formation. 

In the process of analyzing the results of the first stage of registration, it was 
established that the emission of particles in blast-hole No. 5 significantly exceeds 
the emission values in other blast-holes, and the emission intensity in the largest 
range (particles larger than 5 microns) exceeds on average two orders of 
magnitude compared to with intensity in other blast-holes. The histogram of the 
results of the emission of submicron particles obtained at the first stage for six 
blast-holes is shown in Fig. 4 (measurement period 10 min). 

The results indicate the evolving blast-hole destruction process, which is 
characterized by the formation of a new particle of micron and submicron sizes. 

Longer measurements of the emission of submicron particles of the second 
and third stages confirmed the feasibility of using this approach to identify local 
potentially dangerous areas of underground mine workings on the basis of 
drilling blast-holes and registering the emission of submicron particles. 

It is obvious that man-made human activity associated with the extraction 
of minerals leads to a change in the natural stress state of the rock formations. 
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Fig. 4. Results of particle emission at the first stage of registration 
 
When creating artificial cavities (mine workings) in the rock massif, 
redistribution of stresses occurs, which concentrate on the contour of the mine 
workings and are caused by various geological and geomechanical factors (stress 
distribution in the massif, the ratio of vertical and horizontal stresses, effective 
stresses, heterogeneity, fracturing, etc.). Rock formation near the mine workings 
are often in a state of extreme deformation and may be accompanied by the 
separation of individual fragments from its surface, which characterizes the 
degree of tension of a certain section of mine workings. 

In order to improve the safety of mine workings at the Oleniy Ruchey field, 
preventive measures are widely used to identify weak areas of mine workings 
with the subsequent collapse of individual pieces of a rock formation using 
mechanized dynamic effects. Then carry out the fixing of mine workings by 
spraying with concrete, which in general allows to significantly increase the 
stability of the mine workings. However, these activities do not preclude the 
occurrence of dangerous situations associated with the sudden destruction of 
rock formations, especially in rockburst-hazardous deposits. 

The increase in rock scope and the development of cracks (rock formation 
dilatancy) due to inhomogeneous volumetric compression near mine workings is 
a fairly well-known phenomenon, often manifested at great depths and in 
seismically dangerous mining areas, which increases the risk of accidents at 
mining enterprises. Thus, the developed method allows at an early stage to assess 
and identify local potentially dangerous areas of underground mine workings 
based on drilling blast-holes and registering the emission of submicron particles. 

Possessing high sensitivity, the method of recording the emission of 
submicron particles is of great interest for evaluating relatively safe areas that are 
in a static state and, as a rule, do not pose a particular threat, but have a high 
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probability of being activated in the case of even small dynamic forms of rock 
pressure, which in the future may be a potential danger not only for people in 
the mine workings, but also for expensive equipment, as well as lead to 
downtime of mining enterprises. The above causes significant economic damage 
to the country’s mining industry. 

Recommendations and conclusions. Analysis of the results of laboratory 
and industrial tests allowed to develop recommendations aimed at obtaining 
more operational information about the stressed part of the massif, namely: 

– in contrast to laboratory tests for field tests, it is necessary to use a device 
with a higher blast-hole air take-off rate, which is associated with the analyzed 
scope, which is much larger than during laboratory tests, this will allow to more 
quickly evaluate the dynamics of submicron particle emission when surface of 
blast-hole is destroyed-hole due to its deformation under conditions of high 
stresses and the development of cracks; 

– the need for additional industrial research will allow identifying the most 
informative dimensional ranges, which is a prerequisite at the development 
stage of the technical specifications of the recording complex designed for 
monitoring the emission of submicron particles. 

In contrast to the existing methods for estimating the stress-strain state 
(method of acoustic emission, electromagnetic emission, infrared radiation), the 
developed method allows you to work directly with a disintegrated material that 
is in a state of extreme deformation. In natural conditions, where there are large 
tectonic stresses, for example, in the reference pressure zone, the rock massif is 
in a state of extreme deformation and the process of destruction proceeds with 
different degrees of disintegration. In addition, the studies performed indicate a 
high sensitivity of the developed method, which in perspective using well-
known methods for assessing the stress-strain state will allow obtaining more 
reliable information about the rock massif, detecting hazardous areas in advance 
and making decisions about taking appropriate measures. 

Translated by K. Zukova 
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