ISSN 2411-3336; e-ISSN 2541-9404

JOURNAL OF MINING INSTITUTE JOURNAL

OF MINING
INSTITUTE

Zapiski Gornogo instituta

il
Journal homepage: pmi.spmi.ru mm

Research article Geotechnical Engineering and Engineering Geology

Experience in refining the critical depth of rock burst hazard
at the ore deposit during transition to underground mining

Vyacheslav Yu. Sinegubov?!, Mikhail G. Popov2><, Maria A. Vilner?, Andrei I. Tkhorikov?
! Geotechnical Bureau LLC, Saint Petersburg, Russia
2 Empress Catherine 1l Saint Petersburg Mining University, Saint Petersburg, Russia

How to cite this article: Sinegubov V.Yu., Popov M.G., Vilner M.A., Tkhorikov A.l. Experience in refining the critical
depth of rock burst hazard at the ore deposit during transition to underground mining. Journal of Mining Institute. 2026.
Vol. 279. p. 25-38.

Abstract

The paper considers the problem of refining the critical depth of rock burst hazard for the Nyorkpakhk apatite-nepheline
ore deposit in the context of transition to underground mining. The relevance of the study results from the discrepancy
between the value of 400 m (according to regulatory documentation) and the actual mining and geological conditions,
especially considering the significant impact of the existing open pit on the stress-strain state of the rock mass and other
natural factors of the region. The aim of the study is the development and testing of a comprehensive methodology for
assessing the critical depth of rock burst hazard, including core discing analysis, seismicity monitoring, spatial numerical
modeling of the stress-strain state using the CAE Simulia Abaqus software, assessment of the rock burst hazard
potential of rocks based on the Kaiser criterion, and comparison with a geomechanically similar analogue Oleniy
Ruchey deposit. Core discing analysis revealed only local stress zones associated with tectonic faults, without charac-
teristics pointing to rock burst hazard down to the +100 m level. The results of numerical modeling confirmed the
absence of stress concentrations down to the +35 m level both before the start and after the completion of open pit
mining. Comparison using the similarity method showed expected manifestation of rock burst hazard below the +50 m
level. The studies, according to the described methodology, enabled scientific justification of increasing the critical
depth of rock burst hazard relative to the regulatory value, down to the +100 m level. It has also been determined that
for the Khibiny deposits there is no direct correlation between the brittleness criterion and the propensity for rock burst
hazard. The proposed methodology is recommended for testing at rock burst hazardous deposits with complex mining
and geological conditions.
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Introduction
The problem of rock burst hazard represents one of the most significant safety threats during

underground mining of mineral deposits. At certain depths, dynamic rock pressure manifestations
(rock bursts) can occur, which could be accompanied by sudden intense failure of the rock mass and
even mining system elements. These phenomena not only significantly complicate mining operations,
but also form a direct danger to the lives of workers. The propensity of a rock mass to rock bursts is
a complex function of numerous interrelated factors. The key factor appears to be the natural stress
state of the rock mass [1], formed by gravitational forces and tectonic processes, which can reach
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levels close to or exceeding the compressive strength of rocks. A significant influence is exerted
by the elastic and strength properties of rocks and ores (elastic modulus, compressive and tensile
strength), parameters of rock mass fracturing (intensity, orientation, persistence of fractures), as
well as the characteristics of large tectonic disturbances (faults, dikes) and their spatial position
relative to drifts.

In addition to geomechanical conditions, the rock burst hazard of the rock mass is significantly
influenced by technological factors determined by the mining system and mining technology:

e occurrence parameters and properties of the ore body — thickness, dip angle, strike direction;

« properties of the host rocks;

« design solutions of the mining system;

« geological features — presence and type of tectonic faults and their zones of influence [2],
boundaries between lithotypes;

« degree of dissection of the rock mass block by drifts, conditions of underworking or overworking;

» mutual influence of adjacent blocks — mining under protective pillars; counter-stope mining [3].

At the Nyorkpakhk deposit, which is part of the Khibiny apatite-nepheline ore deposits, the prob-
lem of rock burst hazard is particularly important [4]. According to the current Federal Norms and
Rules in the Field of Industrial Safety?, this deposit is classified as rock burst hazardous from a depth
of 400 m for the main types of rocks and ores (ijolite-urtites, low-grade and high-grade ores). This is
based on the properties of the host rock mass — the rocks are classified as hard, possess high brittleness
and a propensity for brittle failure upon reaching the strength limit [5, 6].

The regulatory value of the critical depth is established for a structurally undisturbed rock mass;
in reality, however, the stress-strain state of the rock mass in the mining zone undergoes significant
changes under the influence of mining-geological and technogenic factors [7, 8]. The most significant
of these for the Nyorkpakhk deposit is the influence of the open pit at the final stage of mining, which
forms zones of stress redistribution that extend to a considerable depth [9]. The actual physical-me-
chanical properties of rocks, which are critically important for assessing rock burst hazard, and espe-
cially their brittleness, which determines the failure mechanism and the strength limit [10], can
change with increasing depth due to the increase in confining pressure. The most unfavorable and
hazardous scenario is the combination of rocks with high brittle properties and elevated stresses acting
in the rock mass.

To ensure safe and efficient underground mining of the Nyorkpakhk deposit, a reliable fore-
cast of the stress-strain state of the rock mass is a relevant objective, and in particular, a scien-
tifically substantiated refinement of the critical depth of rock burst hazard, taking into account
the actual situation [11]. Solving this problem requires a shift from regulatory averaged assess-
ments to accounting for the specific features of the deposit and the existing mining-technical
situation, which can only be achieved by applying an integrated approach. This study proposes
and substantiates such an approach based on the integrated application of a set of methods. The
purpose of implementing the approach is to determine the actual elevations from which the
Nyorkpakhk deposit should be classified as prone or hazardous with respect to rock bursts, which
serves as the fundamental basis for the development of effective rock pressure management
measures and ensuring industrial safety during underground mining.

1 Order of the Federal Service for Environmental, Technological and Nuclear Supervision N 505 dated December 8, 2020 “On
Approval of the Federal Norms and Rules in the Field of Industrial Safety “Safety Rules for Mining and Processing of Solid Minerals”
(Federal Norms and Rules, Order N 505).
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Materials and methods

Brief geological characteristics of the Nyorkpakhk deposit. In terms of structural-tectonic set-
ting, the Nyorkpakhk deposit is located in a lens-shaped block bounded: on the east and southeast by
the zone of tectonic contact of the massif with the host rocks of the Imandra-Varzuga belt; on the
south by a fault zone expressed by the valley of the Vuonnemyok River; and on the north and north-
west by faults expressed in the relief by the valley and tributaries of the Tuljok River.

According to geological exploration data, the multi-level ore zone of the Nyorkpakhk deposit
consists of three bodies of brecciated apatite-nepheline ores. The rock mass of the Nyorkpakhk de-
posit is characterized by a complex structural-tectonic setting and an intense degree of fracturing. All
rocks of the massif are intersected by lamprophyre dikes of various compositions (tinguaites,
monchikites, shonkinites, etc.). All these factors together form a complex fracture structure with di-
verse interrelations of systems and subsystems. The scale of fracture elements covers no fewer than
five ranks — from thread-like and hairline fractures to dislocations whose dimensions are comparable
with the height of the open-pit wall or exceed it [12].

All types of rocks and ores constituting the deposit are classified as hard. They are characterized
by high brittleness indices and a pronounced propensity for brittle failure upon reaching the strength
limit. Such strength and deformation properties are the key geomechanical characteristic that allows
the rock mass of the Nyorkpakhk deposit to be classified as prone to the occurrence of rock bursts.

The stress state of the geological environment in the area of the deposit is of tectonic origin and
is characterized by the predominance of horizontal stress components over vertical, which is caused
by the action of regional tectonic forces. An additional risk factor is the formation of local stress
concentration zones near large tectonic disturbances.

Analysis of methods for assessing the propensity of deposits to rock bursts. The prediction of
rock burst hazard in accordance with current regulatory documentation is based on the assessment
of the stress state and characteristic forms of brittle rock failure in drifts by geomechanical and geo-
physical methods.

Federal Norms and Rules (Order N 505) present a list of deposits, as well as rocks and ores prone
to brittle failure, and indicate the depth from which rock bursts occur during mining operations or the
“Hazardous” category is established. The rocks and ores of these deposits are represented mainly by
intrusive and effusive strong hard rocks, quartz veins, and less often by sedimentary rocks.

In accordance with regulatory requirements (including requirements developed by All-Union
Scientific Research Institute of Mine Surveying?), a comprehensive study of the natural and techno-
genic factors that control the state of the rock mass and the parameters of the geological environment
is carried out to assess the propensity of a deposit to rock bursts [13, 14].

Regional prediction can be carried out taking into account the data of geodynamic zoning by
various methods [15-17], summarized in the Table. In the course of research, specialists often face
certain limitations. These concerns both the technical capabilities of testing equipment, the time
frames of investigations, and the number of available rock samples. In this regard, the development
of methods that allow a rapid and effective assessment of the propensity of rocks to rock bursts be-
comes particularly relevant. A significant contribution to the development of methods for assessing
rock burst hazard was made by the Canadian scientist P.Kaiser [18, 19], who proposed a criterion that

2 Instructions for Safe Mining Operations at Ore and Non-Ore Deposits and Underground Construction Facilities Prone to and
Hazardous by Rock Bursts. RD 06-329-99. Series 06. Iss. 1. Moscow: Scientific and Technical Center for Industrial Safety of the
Gosgortekhnadzor of Russia, 2003, p. 88.

Methodological Recommendations for Assessing the Propensity of Ore and Non-Ore Deposits to Rock Bursts. Series 06. Iss. 8.
Moscow: Scientific and Technical Center for Research on Industrial Safety Problems, 2016, p. 52.
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takes into account, in a comprehensive assessment, two fundamental parameters — compressive
strength characteristics and the brittleness coefficient of the material. An important advantage of this
approach is that it only requires standard laboratory equipment and generally accepted testing methods.

Comparative analysis of methods for assessing rock burst hazard in rock masses

Assessment method

Brief description

Advantages

Limitations

Regulatory
assessment

Core discing
method

Instrumental
monitoring

Geophysical
methods

Analytical
calculations

Geodynamic
test site

Kaiser criterion

Use of approved lists of rock burst
hazardous deposits and critical depths
based on rock typification

Assessment of core splitting intensity
as an indication of the stress state and
rock brittleness

Systems for continuous monitoring
of deformations, acting stresses,
acoustic emission

Detection of stress concentration zones
and heterogeneities by geophysical
methods

Construction of predictive maps of
stress strain state and rock burst hazard
taking into account the block structure
of the rock mass based on calculations
and modeling

Comprehensive in situ studies at spe-
cialized sites using a combination of
methods

Assessment of rock burst hazard po-
tential via compressive strength and
brittleness coefficient; a rock is con-
sidered rock burst hazardous if at 80 %
of the failure load, >70 % of defor-
mations are elastic

Standardization of the ap-
proach, ease of application
for typical conditions

Applicability at the geological
exploration stage, integral as-
sessment of rock mass stress

Direct measurement of pa-
rameters in real time, possi-
bility of prompt response,
long-term forecast

Non-destructive testing, capa-
bility for large-scale investiga-
tions, integral assessment of
rock mass properties

Flexibility of prediction when
varying planned conditions
and mining sequence

Maximum  representative-
ness, consideration of factor
interactions, verification of
other methods

Operability, use of standard
tests, quantitative result

Does not take into account the lo-
cal specifics of the rock mass,
technogenic factors, and dynamics
of stress strain state changes

Qualitative nature of the assess-
ment, dependence on core sam-
pling and transportation conditions,
subjectivity of interpretation

High equipment cost, installation
complexity, need for noise filtering

Need for specialized equipment,
interpretation complexity

Dependence on the reliability of
initial data, simplification of real
geometry, high error in complex
tectonics

Extremely high cost, long obser-
vation duration, limited coverage
area, organizational complexity

Does not take into account struc-
tural features of the rock mass,
extrapolation of sample proper-
ties to the block scale, limited ap-
plicability for anisotropic rocks

Practical testing of the Kaiser criterion was successfully carried out in the study of andesites of
the Novoshirokinskoye polymetallic deposit and deposits of the Norilsk industrial region [20, 21].
Based on the research results, the entire sample array was differentiated into two categories — poten-
tially rock burst hazardous rocks and rocks not prone to rock bursts. Since the Kaiser criterion demon-
strated high efficiency, it was decided to apply this method for analyzing the rock burst hazard of
rocks at the apatite-nepheline deposits located within the Khibiny massif.

A frequently encountered laboratory criterion of rock burst hazard is the analysis of the behavior
of standard specimens under load. The assessment of the rock propensity to rock bursts is carried out
as follows: if, at a load of 80 % of the failure load, elastic deformations reach 70 % of total defor-
mations, the rock is recognized as rock burst hazardous [22]. Since pre-peak and post-peak irreversi-
ble deformations are caused by crack development, and a correlation exists between the characteris-
tics of these stages, it is logical to assume a relationship between rock behavior at the initial loading
stage and when peak values are reached. This makes it possible to assess the rock burst hazard of
rocks based on experimental curves even without reaching their strength limit [23].
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A summary analysis of the methods presented in the table made it possible to identify common
advantages and limitations:

« regulatory methods ensure standardization but may not account for the specifics of a particular
deposit and technogenic influence;

« geophysical methods and instrumental monitoring provide valuable information on acting
stresses but require complex equipment and interpretation techniques;

« laboratory methods, including core discing, the Kaiser criterion, and deformation analysis, are
relatively expeditious, but the extrapolation of sample properties to the rock mass is limited by the
representativeness of samples and the inability to account for technogenic impacts;

» computational methods and modeling are flexible, but their accuracy depends on the reliability
of initial data and the adequacy of models.

Thus, none of the presented methods alone is capable of providing a comprehensive and reliable
assessment of rock burst hazard for deposits with a complex structure, such as Nyorkpakhk. The
limitations of each approach demonstrate the need for their integrated application — only this makes
it possible to offset the shortcomings of individual methods, utilize their advantages, and obtain a
scientifically substantiated forecast of rock burst hazard, taking into account the totality of natural
and technogenic factors.

Results of the assessment of the critical depth of rock burst hazard for the Nyorkpakhk deposit
by a set of methods. The study performed an analysis of the critical depth by all considered methods
and compared the obtained values.

Analysis of regulatory requirements. The current regulatory requirements in the field of indus-
trial safety (Federal Norms and Rules, Order N 505) establish the mandatory determination of
the critical depth of rock burst hazard for all explored and operating deposits, as well as for planned
and operating mining enterprises. This parameter is a key factor in selecting a mining technology
for the deposit.

The critical depth of rock burst hazard is defined as the depth from the ground surface starting
from which rock bursts occur during mining operations or the “Hazardous” category is established,
corresponding to the stress state of the rock mass in the boundary zone of a drift at which a rock burst
can occur [24].

According to Federal Norms and Rules (Order N 505), the Nyorkpakhk deposit is classified as
prone and hazardous with respect to rock bursts from a depth of 400 m for the following lithotypes:
ijolite-urtites, low-grade and high-grade apatite-nepheline ores.

The corporate regulation of the Kirovsk Branch of Apatit JSC3, updated in 2021, confirms the
critical depth value for deposits mined by the open-pit method (including Nyorkpakhk) — Koash-
vinskoye 400 m, Nyorkpakhk 400 m. This consistency is justified by the insufficient volume of
in situ data for adjusting the depth.

Assessment by the core discing method. For the primary assessment of the rock mass propensity
to rock bursts, the basic core discing method was used [23]. Discing sections are selected according
to the following requirements: the length of the discing section — no less than 25 cm (for a borehole
diameter of 46-50 mm); the thickness of the counted discs — no more than half the core diameter.

The study of core material from thirteen geological exploration boreholes of the Nyorkpakhk
deposit made it possible to identify discing zones and assess the stress level at the considered depths.
The presence of discing sections confirms the action of tectonic stresses in the rock mass, which
correlates with data from instrumental measurements by the stress relief method. The core destruction
process can intensify with changes in rock fracturing or drilling parameters.

3 Guidelines for Safe Mining Operations at Deposits Prone to and Hazardous by Rock Bursts (Apatite-Nepheline Deposits Mined
Underground by the Kirovsk Branch of Apatit JSC: Kukisvumchorrskoye, Yuksporskoye, Apatitovy tsirk, Plato Rasvumchorr).
Kirovsk, 2021, p. 96.
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Fig.1. Results of seismic event recording at the industrial site in 2022

Analysis of photo documentation and core samples revealed that core discing is local in nature, oc-
curring at limited depths and short borehole intervals (less than 0.25 m), which may indicate the presence
of tectonic disturbance zones, lithotype contacts, as well as the intersection of rock layering by the bore-
hole at acute angles. Discing zones are predominantly represented by 5-8 fragments and do not define
zones of maximum horizontal stresses. Spatial visualization of discing intervals in a model with the frame-
work of tectonic disturbances confirmed their association with local structural elements.

The observed core discing is caused by the localization of geomechanical processes within zones of
influence of tectonic disturbances, which can be explained by two complementary mechanisms:

« stress concentration in near-fault regions during the redistribution of tectonic loads;

« reduction of strength characteristics directly within the disturbance due to rock disintegration and
the development of secondary mineralization.

Analysis of the spatial distribution of discing intervals allows the following conclusion to be drawn:
within the planned mining horizons (down to the +100 m level), the rock mass shows no signs of regional
rock burst hazard; local discing sections are not a basis for assigning a rock burst hazard category.
It should be noted that all boreholes were drilled down to the +100 m level; therefore, rock burst hazard
below this level was not investigated by this method.

Seismicity monitoring. Seismicity monitoring of the rock mass at the Nyorkpakhk and Koashva open
pits is carried out by the Automated Seismic Monitoring System of the Vostochny Mine (ASM VM),
deployed together with the Kola Branch of the Unified Geophysical Service of the Russian Academy of
Sciences (Fig.1). The configuration of the monitoring network ensures the accuracy of coordinate deter-
mination within the industrial site of the VVostochny Mine of no less than 50 m.
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Fig.2. General view of the model

The seismic regime of the Nyorkpakhk deposit is determined by a combination of natural and tech-
nogenic geodynamic processes — the uplift of the Khibiny massif, an increase in water saturation of
the rock mass during periods of snowmelt and rainfall, activation of displacements along tectonic
disturbances due to a critical reduction in effective stresses [25, 26], the dynamic impact of large-scale
blasts during mining and drifting, stress redistribution caused by mining, and fracture formation in the
overlying rock strata during underground mining.

According to the General Seismic Zoning Map of the Russian Federation, the background seismicity
of the ore field of the deposit is estimated at 6 points on the MSK-64 scale. This estimate takes into account
regional seismogenic characteristics without correction for current mining-technical impacts [27].

Results of numerical modeling. The stress-strain state of the rock mass was investigated for the
+125 m level, taking into account the influence of the open pit on stress redistribution in the pitwall zone.
The modeling was performed using the CAE Simulia Abaqus software for two scenarios — before the start
of mining operations and for the design contour of the open pit (Fig. 2).

The geometric dimensions of the model were 12000 x 10000 % 3500 m; its faces were fixed against
displacements in the directions of the axes perpendicular to them. A stress field was applied to the model
volume; the parameters of the field were selected so that the stresses in the computational part of the
model matched the data from in situ measurements in the open pit and in underground drifts at analogue
deposits.

Tectonic disturbances were defined as bodies whose thickness corresponds to the actual thickness of
the disturbance zones. The strength parameters of the material of these bodies were assigned according to
the genetic type of the disturbance. Within the framework of this model, faults were interpreted as zones
of intense disintegration of the rock mass; therefore, their strength characteristics were set with a reduction
of up to one order of magnitude relative to the undisturbed rock mass.

The model was discretized with a mesh of tetrahedral finite elements; the element size in the com-
putational domain averages 3 m, reaching 100 m at the model faces. Key features of the geomechanical
environment were taken into account: the mountainous topography, the contact of the two complexes —
the rischorrite and ijolite-urtite complexes, and the similar physical-mechanical properties of the ore
bodies and the host rock mass, minimizing the stress gradient at the contact.
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Fig.3. Map of maximum principal stress distribution at the +100 m level before the start (a) and after the completion (b)
of open-pit mining, and stress distribution diagram in a three-dimensional view (c)

The modeling results before the start of mining operations (Fig.3, a) showed average values of
maximum principal stresses of 35-45 MPa (< 0.5c.) with a local maximum of 84 MPa (0.8c¢) in
the rischorrites, caused by a higher elastic modulus; here, tectonic disturbances have only a local
influence. Local stress relief at the edges of tectonic disturbances is associated with modeling specifics
and is not observed in the actual rock mass. The modeling results for the design open-pit contour
(Fig.3, b) show insignificant changes in background stresses within the ranges of 0.30.-0.56.-0.8cc
without exceeding the critical rock burst hazard values. Fig.3, ¢ shows the modeling results with the
identified lower boundary of rock burst hazard at the +35 m level (highlighted in red); the deposit
reserves at this level do not fall within the rock burst hazardous zone. The modeling confirms the
non-rock burst hazardous state of the rock mass at the +35 m level both before the start of mining
operations and after the completion of open-pit mining, since the critical stress threshold was not
reached.

Strength characteristics and brittleness. One of the methods for assessing the potential of rocks
for brittle failure is the evaluation of the rock burst hazard of lithotypes using the Kaiser criterion [19].
This approach makes it possible to comprehensively assess the probability of rock burst hazard for
various rock types, taking into account two important parameters — compressive strength characteristics
and the degree of material brittleness. The compressive strength of a rock reflects its ability to accu-
mulate elastic deformation energy up to the moment of failure. The brittleness coefficient, in turn,
demonstrates the potential of the rock for tensile failure under mechanical action.
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A significant advantage of this method is its practical feasibility — standard testing equipment
and generally accepted methodologies are sufficient for conducting the research, which considerably
accelerates the assessment process.

The relationship between strength characteristics and the brittleness coefficient is graphically
presented in Fig.4, which demonstrates the results of studying specimens down to a depth of 190 m
from the surface. The analysis of the point position on the graph allows a conclusion to be drawn
about the degree of rock burst hazard of the rock:

« location in the green zone indicates a low probability of sudden failure;

« falling into the red zone indicates a high propensity of the rock to rock bursts.

The analysis of the physical-mechanical characteristics of rocks revealed that urtites demon-
strated the maximum compressive strength exceeding 250 MPa, whereas the minimum values were
recorded in the ore body. The maximum absolute value of the brittleness coefficient is characteristic
of juvites, and the highest average value was recorded in ores, although, based on the experience of
the analogue deposit, urtites are more prone to rock burst hazard than juvites. This shows that no
direct correlation exists between high values of the brittleness coefficient and the rock burst hazard
potential.

All rocks generally have low (or none) and medium rock burst hazard potential. However, when
mining the lower horizons of the deposit, additional study and assessment of the strength and brittle-
ness characteristics of the host rocks and ores are required to localize areas with rocks possessing
high rock burst hazard potential.

33

This is an open access article under the CC BY 4.0 license



ElgxhE ilg Journal of Mining Institute. 2026. Vol. 279. P. 25-38

iEI © Vyacheslav Yu. Sinegubov, Mikhail G. Popov, Maria A. Vilner, Andrei I. Tkhorikov, 2026
P

The study also determined the absence of a direct correlation between the brittleness coefficient
and the propensity to rock bursts, as the high brittleness values of juvites do not correspond to their
actual geomechanical behavior.

Analogue method. An analogue deposit is designated as a deposit similar in petrography and
genesis; it can be used for forecasting the mining-technical conditions of an unexplored deposit. The
principle of selecting an analogue deposit is similarity in regional geological and tectonic setting,
genesis, geological structure, type of mineral, rock characteristics, hydrogeological, and climatic con-
ditions. The similarity principles of geomechanical processes occurring in rocks during their loading
were described by Yu.N.Ogorodnikov [1] and are based on the principles of statistical similarity. For
similar processes and phenomena, the governing criteria must be identical, and the unambiguity con-
ditions must be similar. The unambiguity conditions make it possible to exclude objects in which
deformation processes, for various reasons, develop according to different regularities. The unambi-
guity conditions can include the methods of rock failure, methods of testing the rock mass, and the
time parameters of the loading process.

The criteria of geometric similarity are determined by the equality of the ratios of the characteristic
dimensions of drifts and other geomechanical objects. The similarity criteria of the rock mass state
for hard rocks represent the ratio of parameters determining the system behavior depending on the
nature of deformation: the ratio of compressive strength to tensile strength o./ot; the ratio of vertical
stresses in the rock mass to tensile strength 62/cy; the ratio of compressive strength to cohesion o¢/C.

The largest number of factors coinciding with the Nyorkpakhk deposit is observed at the Oleniy
Ruchey deposit — it is the closest to the Nyorkpakhk deposit, and the mine workings at this deposit
have already reached the —140 m level. According to Federal Norms and Rules (Order N 505), the
Oleniy Ruchey deposit is rock burst hazardous from a depth of 400 m.

At this deposit, the horizontal component also exceeds the vertical one due to the action of tec-
tonic stresses. The authors of the article and other researchers have carried out in situ stress state
measurements [28, 29] by the stress relief method in the end face variant in dead-end drifts, which
showed that the rate of increase of horizontal stresses with depth attenuates and has an exponential
character [1]. It is assumed that the same dependence is characteristic of the Nyorkpakhk deposit;
thus, the stresses at lower levels will be lower than those predicted at the present stage.

Within the framework of comparing the Nyorkpakhk deposit with the analogue deposit, it can
be concluded that, in view of their complete similarity, the critical depth levels for rock burst hazard
of the Nyorkpakhk deposit can be assigned based on the results of in situ studies from the +50 m
level and below. However, at levels above +50 m, conditions may arise for the occurrence of signs
of rock pressure manifestation in a dynamic form (primarily in the form of spalling), as occurred at
the analogue deposit, which requires special approaches to drifting and the selection of the mining
sequence and parameters.

Development of a comprehensive methodology for refining the critical depth of rock burst
hazard. The methodology was developed to solve the problem of discrepancy between the regulatory
values of the critical depth of rock burst hazard and the actual mining-geological and technogenic
conditions of deposits. The methodology integrates three interrelated blocks of research (Fig.5), rep-
resenting a sequential process from theoretical analysis to practical implementation and verification.

The first block of the methodology includes a comprehensive analysis of engineering-geological
and geomechanical conditions and is the fundamental stage of the research. The block combines the
analysis of historical data, world experience, and the analysis of regulatory documents, which makes
it possible to avoid methodological errors associated with the use of outdated criteria or those unsuit-
able for specific conditions. A detailed assessment of engineering-geological conditions is carried out
with an emphasis on the quantitative characterization of the structural disturbance of the rock mass
(fault location, disturbance morphology, thickness of tectonic zones) and lithological-stratigraphic
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Fig.5. Principal sequence of refining the critical depth of rock burst hazard using sets of methods

heterogeneity. Data from analogue deposits comparable in depth, geomechanical, and structural con-
ditions are analyzed. The purpose of this block of research is to identify general regularities and ana-
lyze the experience of rock burst hazard management.

The second block is aimed at obtaining quantitative initial data and transitioning to predictive
modeling. Its main advantage over traditional methods lies in the integrated use of in situ data, labora-
tory experiments, and numerical modeling, which makes it possible to take into account the specifics
of the region and forecast the change in the stress-strain state during mining of the deposit. Within
the research of this block, in situ and laboratory tests of core are performed for strength, deformation,
and rheological characteristics of rocks; a three-dimensional geomechanical model is created on the
basis of the geological model. Tectonic disturbances are explicitly defined in the model as bodies
with reduced strength characteristics; the initial and modified stress-strain state fields are calculated;
and the change in stress fields is forecast when the mining-technical situation changes (deepening of
mining operations, mining of new areas). Based on the analysis of zones of potential brittle failure
and dynamic displacements along disturbance zones, a preliminary assessment of the critical depth
is carried out.

The third block represents a system of dynamic control and increasing the reliability of the fore-
cast. As part of the research, a network of seismoacoustic sensors is deployed to update the depth of
rock burst hazard, providing continuous monitoring, which makes it possible to identify manifesta-
tions of dynamic processes in real time and assess their location in the rock mass. In addition, tecto-
nophysical approaches are applied for reconstructing paleostress fields and analyzing fault kine-
matics. This provides a physically substantiated tool for forecasting zones of modern stress
concentration near tectonic disturbances, where traditional criteria often fail.

The comprehensive methodology is intended for assessing and managing rock burst hazard
in deep mines with a complex structure. The scientific significance lies in a substantial increase
in the reliability of critical depth predictions through the integration of modern modeling
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methods, continuous monitoring, and comparative analysis, which ultimately makes it possible to
optimize mining system parameters and enhance industrial safety.

Discussion
The developed comprehensive methodology for assessing the critical depth of rock burst hazard

has demonstrated its applicability and effectiveness under the conditions of the Nyorkpakhk deposit.
Its advantage lies in the integration of multi-level data — regulatory requirements, the actual ratio of
stresses and rock strength [1, 30], as well as alternative approaches (the analogue method, tectono-
physical analysis, automated monitoring). This combination made it possible to overcome the limita-
tions of traditional methods, which aligns with modern trends in geomechanics [18, 19].

The conclusions of the study are based on a detailed understanding of the engineering-geological
conditions of the Nyorkpakhk deposit, including the hierarchy of tectonic disturbances (dominance
of rank 1V disturbances of sublatitudinal strike), the distribution of fracture zones, and lithological-
structural heterogeneity. This database ensured the representativeness of the models, which is a critical
factor for a reliable rock burst hazard forecast [31].

The assessment of the seismic regime in the area of the Nyorkpakhk deposit revealed that the
region is characterized by a background seismicity of 6 points on the MSK-64 scale; earthquakes of
such intensity, according to the scale description, can cause damage in brick and panel structures and
rarely landslides, i.e., no damage to drifts is expected. With the development of mining operations on
the territory of the deposit, a moderate increase in seismic and geodynamic activity is predicted during
periods of stoping and drifting operations near (no more than 30 m) tectonic disturbances composed
of dike bodies thicker than 20 cm, and the main fault zone. No hazard of major seismic events (above
5 points on the MSK-64 scale) associated with the mining of the deposit down to the +100 m level is
expected, which correlates with data from similar deposits in tectonically active regions.

The analysis of core material from thirteen boreholes confirmed the local nature of discing
(<0.25 m), associated with disturbance zones and lithological contacts. The complete absence of the
core discing effect below the +125 m level indicates the absence of critical stresses.

It has been established that the maximum principal stress component is subhorizontal. At present,
exact relationships for stress variation with depth have not been established, primarily due to the
influence of open-pit mining on the stress-strain state. However, all studies confirm the dependence
of stress increase with depth, and given the proximity of the Nyorkpakhk deposit to the analogue
deposit Oleniy Ruchey, it is most justified to use its (the analogue’s) relationships for stress variation
with depth, developed and reliably confirmed during operation (visual observations, core discing
method, core stress relief, retrospective assessment based on failure zones, etc.). As mining pro-
gresses, it is necessary to refine these dependencies based on new data [32].

Based on the analysis of data from numerical modeling of the Nyorkpakhk deposit, carried out by
various organizations dealing with the problem of rock bursts at apatite-nepheline ore deposits [33-36],
and comparison with the results of numerical modeling, it has been established that both before the
start of mining operations and with the open pit having the contour at the end of open-pit reserve
extraction, down to the +35 m level, no exceeding of stress values of 0.8c¢ is expected, which indi-
cates that the rock mass is non-rock burst hazardous.

Conclusion

The research results show that the rock and ore mass of the Nyorkpakhk deposit is represented
by strong hard rocks with an average uniaxial compressive strength of about 150 MPa for rocks and
117 MPa for ores, capable of brittle failure under significant stresses. However, the existing stress
field down to the +125 m level, even taking into account the influence of the open pit, does not form
stresses sufficient for the transition of the rocks to a rock burst hazardous state.
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Potential rock burst hazard levels of the Nyorkpakhk deposit according to different methods:
core discing method +100 m (rock burst hazard assessment was performed only down to the +100 m
level, since no core drilling was carried out below); method of stress-to-rock-mass strength com-
parison +50 m; numerical modeling method +35 m; analogue method +50 m.

Due to the significant surface irregularity, including that caused by open-pit mining, the critical
depth of rock burst hazard at the deposit cannot be unambiguously established (it varies within
350-550 m with an average value of 450 m), but it is possible to reasonably, with a sufficient margin,
assign the level of classifying the deposit as prone to rock bursts at the +100 m level and below, since
according to all rock burst hazard assessment methods, no rock burst hazard levels above +100 m
have been identified. The comprehensive methodology presented in the paper makes it possible to
determine the critical depth of rock burst hazard of the deposit more reliably due to a systematic
approach and high-quality training of engineering personnel [37].

For further implementation, the methodology requires testing at deposits with different geody-
namic conditions and mandatory in situ verification after the start of underground mining, which
includes comparison of predictive models with actual rock pressure manifestations, adjustment of
stress dependencies on depth based on instrumental measurement data, and assessment of the repre-
sentativeness of the Kaiser criterion for depths exceeding 500 m.
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