Mining of Mineral Deposits

Volume 19 (2025), Issue 3, 66-75 “ JOURNAL / MINING.IN.UA

https://doi.org/10.33271/mining19.03.066

Probabilistic analysis application to substantiate support
parameters in seismically active and fractured rock masses

Aibek Mussin @ Askar Imashev "™ © Azamat Matayev ™7 ®,
Bolatkhan Khussan '™ ©, Rabbel Abdrashev '

! Abylkas Saginov Karaganda Technical University, Karaganda, Kazakhstan

*Corresponding author: e-mail a.imashev@ktu.edu.kz, a.mataev@ktu.edu.kz

Abstract

Purpose. The research aims to substantiate support parameters for underground mine workings in the conditions of frac-
tured and seismically active masses using probabilistic stability analysis.

Methods. The research is based on the integration of field engineering-geological observations, geological-structural ana-
lysis, numerical modeling and probabilistic stability assessment methods. Based on the geotechnical description of oriented
cores, the mass fracturing parameters (RQD, J,, J,, J,) were determined, stereographic analysis using Dips software was per-
formed and the mass quality index Q' was calculated. Probabilistic stability analysis of wedges was conducted in the Unwedge
software package, taking into account dynamic effects and seismicity coefficients up to 0.4. Scenarios without support, with
roof-bolt and combined supports are discussed.

Findings. It has been found that at unfavorable mine working orientation and high seismic loads, the factor of safety (FS) does
not reach the design values (FS > 1.5) without the use of support, which necessitates the use of combined support schemes.

Originality. The novelty is in the complex application of probabilistic stability analysis taking into account real geometric
and mechanical characteristics of fracturing, seismic impact and spatial anisotropy of the mass. For the first time, field data, O’
index and Unwedge modeling have been combined for specific engineering-geological conditions to substantiate the parame-
ters of a combined support adapted to seismically active fractured masses.

Practical implications. The developed methodology can be adapted to various mining-technical conditions and helps to
increase the reliability of design solutions for construction and operation of underground structures in difficult geological and
seismically active areas.
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1. Introduction rium method, are discussed. The author emphasizes that due to
Mining of mineral deposits requires the most accurate the uncertainty of mining—geolggical cond.itions, th@ dejterminis—
and timely assessment of the rock mass where mining opera-  fi approach may be less adaptive and reliable, which increases

tions will be conducted. The influence of rock fracturing on  the risks of failure. Other papers suggest the use of probabilistic
underground mine working support and further mining can ~ Methods to make more informed decisions [7], [8].

be significant. To predict and analyze the geomechanical The main difference between deterministic and probabi-
state of underground mine workings and the stability pa- listic analysis is that deterministic analysis works with fixed
rameters of supports, various modeling methods are used, data, assuming that all parameters are known exactly and do
taking into account the structural peculiarities of rocks in the ~ Not change, while probabilistic analysis takes into account

zone of stope space influence [1]-[4]. uncertainties and data variability by modeling different
The designing of support parameters for underground  POssible outcomes [9]. o N

mine workings is traditionally based on deterministic analy- . Over the 1as‘§ two dpcad;& the app11cat19n of probabilis-

sis methods, assuming fixed values of geomechanical charac-  ti¢ approaches in engineering geomechanics has been ac-

teristics of the mass and support elements. However, in real ~ tively developed in the world practice. Griffiths and
conditions such parameters as rock strength, stress-strain ~ Fenton [10] emphasize that deterministic methods can sig-
state and properties of supporting elements have significant n%f.lcantly undere.stlmate. fa}l}lre risks, especially under con-
variability and spatial heterogeneity, which can significantly ~ ditions of spatial variability of rock strength proper-

reduce the reliability of design solutions [5]. ties [11]. Similar ﬁndjngs are cqnfirmed by more regent
In [6], the limitations of deterministic analysis, when desig- ~ Studies [12], [13], which emphasize the need to take into
ning underground mine workings using the sequential equilib- ~ account the source data variability.
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Mazraehli and Zare [14] developed a probabilistic model
for assessing loads on supports, taking into account the un-
certainty of post-peak strength parameters. The research
shows that integrating probabilistic models into calculations
significantly improves prediction accuracy and allows for the
optimization of support parameters.

Special attention is also paid to the influence of stressed
state anisotropy on the stability of mine workings. Chen et
al. [15] examines the behavior of mine workings in condi-
tions of a non-uniform stress field using a probabilistic ap-
proach. The authors indicate that ignoring these factors can
lead to serious engineering errors [16].

Research conducted in [17] demonstrates the effective-
ness of using global sensitivity analysis to identify the grea-
test influence of individual parameters on the stability analy-
sis result. This approach makes it possible to focus on the
most significant factors of uncertainty and thus improve the
overall reliability of design solutions.

Rock fracturing has a particular impact on the stability of
underground mine workings. Studies show that the azimuth
and dip angle of joints significantly influence the mechanical
properties of the rock mass, leading to a decrease in strength
and a change in the nature of failure. For example, as the dip
angle of the joints increases, a transition from bending failure
to shear failure is observed, which requires appropriate
adjustment of the support parameters [18].

In addition, the direction of the tunneling azimuth relative
to the joint orientation also plays a key role in the stability of
the mine workings. Studies show that with an unfavorable
mine working orientation relative to the mass fracturing,
there are increased deformations and risks of failure [19].
This highlights the need to take into account geometric pecu-
liarities and fracturing properties when designing and selec-
ting appropriate support parameters.

In seismically active regions, an additional factor in-
fluencing the stability of underground mine workings is the
seismicity coefficient. Dynamic loads caused by earthquakes,
as well as the seismic impact of previously mined stope
areas, can cause significant deformation and damage to the
support, especially in conditions of fractured rocks. Studies
show that an increase in the seismicity coefficient leads to a
decrease in the stability of mine workings and requires
strengthening of the support [20].

In conditions of high uncertainty associated with the
variability of geological conditions and dynamic loads, the
use of probabilistic analysis methods is becoming increasing-
ly relevant. Approaches such as the Monte Carlo method or
Latin Hypercube Sampling (LHS) method allow for the sta-
tistical distribution of input parameters to be taken into ac-
count, providing a more realistic assessment of stability and
optimization of design solutions [21]-[23].

Probabilistic analysis, as a modern tool for assessing risks
and uncertainties, allows for a wide range of factors affecting
the support stability to be taken into account. This approach
provides the opportunity to model various scenarios, which
contributes to a deeper understanding of the physical pro-
cesses occurring in rock masses and allows for the informed
selection of support parameters [24].

The Latin Hypercube Sampling (LHS) method was deve-
loped in 1979 by engineer and researcher McKay, M.D., to-
gether with colleagues. The authors compare the classical
Monte Carlo method with the LHS method. The results of the
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research show that the LHS method provides more accurate
and stable estimates compared to the Monte Carlo method,
improving the efficiency of modeling complex systems [25].

In their fundamental work, Helton and Davis [26] consider
the application of the Latin Hypercube Sampling (LHS) me-
thod to assess and propagate uncertainty in modeling of com-
plex engineering systems. The authors demonstrate that LHS
provides a more efficient and uniform coverage of the input
parameter space compared to the traditional Monte Carlo
method, especially for high-dimensional problems. The main
focus is on comparing different sampling techniques, the
influence of problem dimensionality, correlated variables,
and the sensitivity of results to variations in input parame-
ters. The paper emphasizes that using LHS can significantly
reduce the number of calculations needed while maintaining
the reliability of results, which makes it particularly relevant in
the problems of reliability, risk and geomechanical modeling.

The Monte Carlo method is simple and versatile, but re-
quires considerable computational resources. At the same time,
the Latin Hypercube Sampling method, despite its more com-
plex implementation, provides an efficient parameter space
coverage and improves the quality of analysis at a lower cost.

Given the high variability of the geomechanical proper-
ties of rocks and the uncertainty of the source data, the use of
probabilistic methods becomes particularly relevant for as-
sessing the stability of underground mine workings. Proba-
bilistic analysis using the limit equilibrium method allows
for realistic consideration of variations in strength character-
istics, stress state of the rock mass, and support parameters.

A review of foreign research confirms that the use of
probabilistic approaches, when designing a support in seis-
mically active and fractured rock masses, makes it possible
to increase the reliability of calculations, more accurately
assess risks, and reasonably optimize support parameters,
which significantly increases the safety of underground
mining operations [27]-[32].

The purpose of this research is to develop and substan-
tiate engineering-reliable parameters for supporting under-
ground mine workings in the conditions of fractured and
seismically active rock masses based on a comprehensive
approach that includes field geological and structural obser-
vations, numerical modeling, and probabilistic analysis of
rock mass stability.

2. Research methods

The methodology used in this research is aimed at a com-
plex and scientifically sound determination of parameters for
supporting underground mine workings conducted in the
conditions of fractured and seismically active rock masses.
The conceptual basis of the approach consists in the integra-
tion of field engineering-geological observations, geological-
structural analysis, numerical geomechanical modeling, and
probabilistic stability assessment, taking into account the
inherent uncertainty of the rock mass [33].

To assess the stability of underground mine workings, the
research uses the limit equilibrium method, based on analyzing
the balance of forces along potential failure surfaces. Unlike
the classical deterministic approach, which operates with ave-
raged parameter values, this research implements a probabilis-
tic approach that allows taking into account the natural varia-
bility of the geomechanical rock mass characteristics.
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To increase the reliability of modeling, a statistical combi-
nation of Monte Carlo and Latin Hypercube Sampling (LHS)
methods is used, which provides more complete coverage of
the range of possible mass states and allows for a statistically
reasonable distribution of the safety factor. This approach
makes it possible to assess the probability of a mine working
failure and substantiate the support parameters, taking into
account the uncertainty of geomechanical conditions [34]-[36].

Research methodology combines field work to study the
rock mass fracturing with numerical probabilistic stability
analysis of mine workings. Comprehensive approach in-
cludes surveying of fracturing, stereographic processing, and
stability modeling by the limit equilibrium method, taking
into account the variability of structural characteristics and
strength properties.

During the first stage of field work, a geotechnical
description of geotechnical-oriented drilling cores, drilled
within the projected zone of underground mine workings,
was performed to obtain reliable information about the struc-
tural-geological characteristics of the mass [37]. Recent
studies have also emphasized the importance of selecting
optimal drilling parameters and improving bit performance to
ensure the efficiency and accuracy of core sampling under
complex geological conditions [38]-[40].

During the description process, the rock mass quality
index (RQD) was determined, the orientations of structural
disturbances (azimuth and dip angle) were measured, the
degree of filling of joints with mineralized inclusions was
assessed, and the surfaces roughness was visually determined
using the ISRM scale [41]-[43]. All structural disturbances
were documented with reference to depth, classified accor-
ding to type and morphology.

Stereographic processing of geological data and analysis of
fracturing systems were performed using Dips software. The
results of this stage provided a reliable basis for further geome-
chanical calculations and the development of scenarios for prob-
abilistic stability analysis of underground mine workings [44].

At the second stage of the research, a detailed structural
analysis of the rock mass was performed based on the descrip-
tion of oriented cores selected during geotechnical drilling.
The parameters of fracturing were studied, including orienta-
tion, frequency, opening, roughness, and filling of joints. For
spatial data processing and joint system identification, Dips
software was used, which allows the mass to be classified
according to indicative criteria with a high degree of accuracy.

During processing, the values of the number of joint sys-
tems (J,) were determined, the quality of the rock mass was
assessed using RQD, the spatial joint frequency was calcu-
lated, and histograms of J. and J, values were constructed,
characterizing the roughness and filling of joints, respective-
ly. Particular attention was paid to the analysis of the Fisher
Contour Distribution [45], [46], which clearly reflects the
density of joint orientations and allows the dominant direc-
tions in the rock mass to be identified. This distribution is
important for further probabilistic stability analysis, as it
provides information about the degree of anisotropy of the
rock mass and the orientation of potential shear surfaces.

Based on the processed data, the rock mass quality index
Q' was determined. Unlike the full form of the Q'-system,
which takes into account water saturation (J,,) and the stress
state factor of the mass (SRF), this research uses a simplified
Q' index, which includes only reliably determined parame-
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ters: RQD, number of joint systems (J,), roughness (J;) and
the degree of joint filling (J,). This simplified formula mini-
mizes uncertainties at an early stage of analysis, especially
when there is insufficient information about the hydrogeolo-
gy and stress state of the rock mass [47].

The use of Q' at this stage allows for an objective
assessment of the rock mass state based on direct geotech-
nical observations. The mass quality index Q' is calculated
using the Formula:

o [@] («f_
J}’l Ja
where:

ROD (Rock Quality Designation) — core quality index;

J, — number of joint systems;

J-— joint roughness coefficient;

Ju — joint filling coefficient.

At the next research stage, a probabilistic analysis of the
stability of mine workings was conducted using the Unwedge
software package, developed to assess the risk of wedge for-
mation in fractured rock masses. This stage is important for
conditions where the rock mass is characterized by the pres-
ence of several intersecting joint systems and high variability
in their parameters, especially in seismically active regions.

The analysis was performed based on the geometry of the
intersections of joint systems identified at the previous stage
using Dips. Stereographic information on the spatial position
of joints (dip and strike angles), their number (J,), length,
pattern of closure, roughness (J,) and degree of filling (J,)
were integrated into the Unwedge model. The rock mass was
considered as a set of potentially unstable wedges formed by
intersecting structural planes and interacting with the mine
working contour [48].

The analysis of wedge stability in conditions of intersec-
ting joint systems, performed using the Unwedge software
package, plays a special role in the research. This makes it
possible to assess the impact of the direction of drifting on
the risk of formation of unstable geological structures, espe-
cially in fractured and seismically active rock masses.

The mutual relationship between the orientation of the
mine-working front and the joint systems is considered,
which is critical for determining possible wedges. As shown
by the research presented in [46], the ratio between the azi-
muth of tunneling and the orientations of joints has a signifi-
cant influence on the probability of formation of wedge
blocks and their mobility. The model takes this into account
by varying the azimuth of tunneling and by fixing the angles
causing the most probable separation planes (planar, wedge-
shaped and convergent forms of destruction).

In addition, the modeling uses a spectrum of pseudo-
static coefficients (from 0.01 to 0.5), simulating the dynamic
impact of seismic events. This allows for the reliable consi-
deration of equivalent horizontal and vertical loads arising
during earthquakes and the assessment of their impact on the
stability of potential wedges [49].

The analysis generates statistics on the factor of safety
(FS), taking into account the probability distribution of pa-
rameters and dynamic effects. The data allows identifying
the most vulnerable configurations and determining recom-
mendations for the orientation and support parameters of
mine workings to minimize the risk of failure.

(M
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Thus, this stage not only allows for a quantitative assess-
ment of the rock mass reliability, but also serves as a scien-
tific basis for the transition to the design of support, taking
into account the probabilistic risks and geomechanical pecu-
liarities of the studied rock mass.

At the final research stage, based on the probabilistic
analysis results, recommendations were formulated for opti-
mizing the parameters for supporting underground mine
workings in fractured and seismically active rock masses.
Combined support schemes are proposed, including roof-bolt
support and shotcrete, which provide for the effective stabili-
zation of wedges and reduce the risk of failure under dynamic
loads. This approach allows for both geomechanical uncertain-
ty and scenarios of external dynamic impacts to be taken into
account, ensuring that design solutions are adapted to difficult
natural conditions and increasing the level of industrial safety.

3. Results and discussion

3.1. Structural analysis of the mass based
on the description of oriented cores
selected during geotechnical drilling

Structural analysis of rock mass was a key stage in
assessing the geomechanical state in the projected zone
of underground operations. As part of this research, a sys-
tematic description of oriented cores sampled during
geotechnical drilling was performed with the aim of quantita-
tively and qualitatively characterizing fracturing. The main
focus was on determining the spatial orientation of joints,
their frequency, opening, filling and roughness as the main
factors influencing the stability of the rock mass. The data
obtained formed the basis for subsequent stereographic ana-
lysis, modeling of possible shear surfaces and probabilistic
assessment of the stability of mine workings in fractured and
seismically active rock mass conditions (Fig. 1).
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Figure 1. Stereographic projection with analysis of dominant joint
systems based on geotechnical drilling data

Figure 1 shows a stereographic projection displaying the
poles of joints identified based on geotechnical drilling data.
Using the Fisher Contour Distribution, four dominant joint
systems (1-4 m) have been determined, each characterized by
its own dip azimuth and dip angle parameters. The maximum
density of directions is 23.98%, which indicates a pro-
nounced orientation of fracturing.

This analysis allows classifying joints, determining the pa-
rameter J,, constructing histograms of frequency and distances

69

between joints, and also serves as a basis for further geome-
chanical calculations, including assessment of rock mass quali-
ty Q' and probabilistic modeling of mine working stability.

Figure 2 shows a histogram of True Joint Spacing
distribution, constructed based on the geotechnical mapping
data analysis.
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Figure 2. Histogram of True Joint Spacing with lognormal
distribution

The distribution is described by a lognormal function,
which is typical for natural fracturing. The average distance
between joints is 0.077 m, with a standard deviation of
0.090 m. Most joints are located at intervals of less than
0.1 m, indicating a high concentration of fracturing in the
rock mass. These data are used to calculate the frequency and
density of joints, and are also key in statistical modeling and
classification of the mass according to the Q'-system.

The graph (Fig. 3) shows the RQD distribution along the
entire length of the core. The RQD index is used to quantita-
tively assess the degree of fracturing in the rock mass. The
values range from 38 to 100%, with an average value of
90.3% and a standard deviation of 11.6%, indicating that the
rock mass is generally of good quality with local intense
fracturing zones.
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Figure 3. Graph of changes in ROD index along the well

Areas with reduced RQD indicate possible weakened
zones that require additional attention when designing support
and selecting mine working parameters. The obtained RQD
values are used in calculating the rock mass quality index Q'
and are key to classifying rocks according to stability.

The graph (Fig. 4) shows the distribution of joint frequency
along the core length, expressed as the number of joints per
meter. Values range from 0 to 14 joints/m, with an average
value of 4.49 joints/m and a standard deviation of 2.39.

The analysis shows marked heterogeneity in the mass in
terms of fracturing frequency. High frequency areas indicate
potentially weakened rock mass zones that are susceptible to
reduced stability, especially under seismic loads, which is a
key parameter in calculating the Q'"-system (J,) and is used
further for modeling.
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Figure 4. Graph of changes in joint frequency along the well

The histogram (Fig. 5) shows the distribution of J, pa-
rameter values, reflecting the degree of joint filling, accor-
ding to the NGI (Norwegian Geotechnical Institute) classifi-
cation. This parameter is included in the formula for calculat-
ing the rock mass quality index Q' and directly affects the
assessment of the strength characteristics of contact surfaces.

>
£ 160
5 140
3
< 120
100
80 68
60 53
2 l
18
20
o I
1 2 5] 4

NGI-JA

Figure 5. Histogram of the distribution of joint filling coefficient
(Jo) values

Most joints (265) belong to category 3, indicating moderate
or weak filling without significant strength reduction. Data are
important for assessing the adhesion between mass blocks and
calculating stability in numerical and probabilistic models.

The histogram (Fig. 6) shows the J, parameter distribu-
tion, reflecting the degree of roughness of joint surfaces,
according to the NGI classification. The J, parameter charac-
terizes the ability of joints to resist shear and is taken into
account when calculating the rock mass quality index Q".
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Figure 6. Histogram of the distribution of joint roughness coeffi-
cient (J:) values

Most observations are concentrated in the range J,. = 1.5-2.0,
which corresponds to well-defined natural joint roughness and
indicates satisfactory adhesion between blocks. A small num-
ber of values are in the J. < 1.0 range, which may indicate that
there are smoothed or polished surfaces potentially prone to
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shear. The data obtained serve as a basis for assessing the
stability of fractured rock mass and determining parameters in
computational and modeling geomechanical systems.

The following parameters were used to calculate the mass
rating according to the Q'-system: RQD =90.32; J,=12;
J-=1.59 and J, = 3. The values were obtained as a result of
geotechnical analysis using Dips software. Thus, the value of
0'=~3.76 determined by Formula (1) corresponds to the
category of poor rock mass according to the classification
of Barton et al. [50], which indicates the need to use engi-
neering measures to strengthen the support when tunneling
underground mine workings.

The value of Q'= 3.76, obtained based on comprehensive
processing of geotechnical information, indicates poor rock
mass quality according to the Barton classification. Core
analysis using Dips software has identified four dominant
joint systems characterized by varying degrees of filling and
roughness, as reflected in stereographic projections, J- and J,
coefficient distribution histograms, and spatial frequency
diagrams. This combination of parameters indicates the pre-
sence of significant structural heterogeneity in the rock mass,
which reduces its load-bearing capacity and requires a spe-
cial approach when designing mine workings. The identified
characteristics of the rock masses emphasize the need to use
adaptive supporting methods and to substantiate parameters
based on probabilistic analysis, especially when conducting
underground operations in conditions of fracturing and po-
tential seismic impact. Thus, the completed research stage
provides a reliable engineering-geological basis for subse-
quent modeling and calculation of stability parameters of
mine workings [51], [52].

3.2. Numerical modeling based on probabilistic
stability analysis of wedges

This subsection presents the results of numerical modeling
performed using the Unwedge software package to probabi-
listically assess the stability of wedges in underground mine
workings. The analysis was conducted for various tunneling
directions relative to fracturing systems determined based on
the results of structural analysis of cores. Dynamic impacts,
including seismic loads, were taken into account. Scenarios
without supporting, as well as with the use of roof-bolt and
combined support, were considered. Particular attention was
paid to identifying critical directions for mine working and
optimizing support parameters to ensure stability in fractured
and seismically active rock mass. Figure 7 shows the scheme
of failure (PoF) probability distribution along the contour of
the underground mine working, obtained from the results of
a probabilistic analysis using Unwedge software.

Each mark on the roof and upper sections of the side walls
shows the calculated probability of an unstable wedge for-
mation. PoF values range from 0 (no probability of failure) to
1 (100% probability of failure). The highest failure probability
values (around 0.72-0.74) are concentrated in the central part
of the roof, indicating a high probability of forming unstable
wedges in this zone. Near the junction of the roof and walls,
the failure probability is significantly reduced (to values of
0.003-0.027), indicating a relatively stable state of these areas.

Figure 8 shows the results of a probabilistic stability
analysis of wedges in the Unwedge software. The left part of
the figure shows a histogram of the factor of safety (FS)
distribution generated by random sampling of the source data
across the entire perimeter.
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Figure 7. Distribution of failure probability along the mine
working contour
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Most implementations are concentrated in the range of
low FS values, with a significant proportion of them being
less than 1.0, which indicates a high risk of wedge stability
loss at the specified parameters.

The right side of the figure illustrates a typical wedge
with the lowest FS value in various projections. Wedge pa-
rameters: volume 1.821 m?, mass 0.49 MN, wedge height
1.47 m, required maintaining pressure 0.024 MPa. These
results confirm the necessity of designing the support taking
into account the probabilistic nature of the formation of un-
stable wedges and possible scenarios for their failure.

Figure 9 shows a 3D diagram of the maximum required
support pressure distribution to achieve FS = 1.5, depending
on the direction and dip angle of the mine working. The
diagram is based on the results of a probabilistic analysis in
Unwedge software and shows how the spatial orientation of
joints influences the required maintenance pressure.

The maximum pressure values correspond to certain
combinations of wedge orientations that form the most un-
stable configurations relative to the mine working contour.
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Figure 8. Results of probabilistic stability analysis of wedges: distribution of the factor of safety and wedge geometry

Figure 9. Spatial support pressure distribution depending on the
Jjoint orientation

These results make it possible to substantiate the parame-
ters of roof-bolt support and shotcrete for effectively ensur-
ing the boundary mass stability.

Figure 10 shows the maximum support pressure dependence
(to achieve FS = 1.5) on the azimuth of the mine working axis
direction (Tunnel Axis Trend). Graph demonstrates the influence
of the mine working orientation relative to the joint systems on
the required support pressure. It can be seen that at certain
mine working axis directions (around 130 and 310°), maxi-
mum pressure (up to 0.037 MPa) is required to ensure stabi-
lity, which is associated with the formation of the most unsta-
ble wedges. These results allow optimizing the tunneling di-
rection and support scheme to minimize the risk of failure.

Figure 11 shows the probabilistic stability analysis re-
sults, reflecting the FS dependence on the azimuth of the
mine working direction in the range of 90-170° without the
use of support. The calculations include seismic impact with
seismicity coefficients from 0.1 to 0.4.
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The red horizontal line at FS = 1.5 indicates the minimum
permissible stability level according to industrial safety
standards. It can be seen that as the seismicity coefficient
increases, the FS values decrease significantly, and for unfa-
vorable mine working direction (around 130°), the most
critical situation is observed — FS drops below 1.5 even with
minimal seismic impacts. This indicates a high probability of
stability loss in this direction without the use of support.

Figure 12 shows the results of a similar analysis, but tak-
ing into account the use of combined support (roof-bolt +
shotcrete). Support parameters: roof-bolt spacing 1.0x1.0 m,
roof bolt length 2.4 m, load-bearing capacity of one roof-bolt
10 tons. The modeling is performed taking into account
the seismic impact and for a critical azimuth of 130° mine
working direction. The use of support significantly improves
the stability of mine working: FS values exceed 1.5 in almost
all directions and seismic load levels, including during
unfavorable scenarios.

Figure 13 shows the results of modeling the stability of
mine working wedges in three variants. The parameters of the
wedges are specified for each variant: factor of safety (FS),
volume, weight and height of the wedge. In the variant without
support, a complete loss of the roof wedge stability (FS =0) is
observed, which indicates a high probability of failure.

The use of roof-bolt support (spacing 1.0x1.0 m, roof bolt
length 2.4 m, load-bearing capacity of one roof-bolt 10 tons)
made it possible to increase the stability of the wedges.
However, the factor of safety for the roof wedge remains
insufficient (FS = 0.501) to guarantee safe operation.
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Figure 13. Comparative assessment of wedge stability with
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different types of support: (a) without support;
(b) with roof-bolt support; (c) combined support (roof-
bolt + shotcrete)
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The most reliable stabilization is provided by a combined
support, namely the combination of roof-bolting with
10 cm-thick shotcrete, where the factors of safety are signifi-
cantly increased, including for the roof wedge (FS =1.672),
which meets the requirements of safe mining operations. The
modeling performed for the most unfavorable azimuth of the
mine working direction — 130° and with a seismicity coeffi-
cient of 0.3 makes it possible to take into account the
influence of dynamic loads and mine working orientation
relative to the joint systems.

The analysis conducted demonstrates the need to use sup-
port in conditions of high seismic activity and unfavorable
orientation of the mine working relative to fracturing systems.
The use of combined support ensures the design stability level
(FS>1.5) even at high seismicity coefficients, thereby mini-
mizing the risk of failure in underground mine workings.

4. Conclusions

In the course of the research, a comprehensive
substantiation of the parameters for supporting underground
mine workings in the conditions of fractured and seismically
active masses has been performed on the basis of integration
of field observations, geological-structural analysis and
probabilistic modeling. The conducted analysis of oriented
cores made it possible to quantitatively characterize the rock
mass fracturing, identify the dominant joint systems, and
determine the key geomechanical parameters, on the basis of
which the rock mass quality index (Q'~ 3.76) was calculated.
Given this value, the mass was classified as poor, indicating
the need for engineering measures to improve stability.

Numerical modeling using the Unwedge software
package showed that, in the absence of support, wedges are
formed in the mine workings with a high probability of loss
of stability. This is particularly evident when the azimuth of
mine working tunnelling is along critical directions relative
to joint systems and when the seismicity coefficient is 0.3 or
higher. The factors of safety (FS) in such conditions do not
reach the permissible level specified in the project (FS > 1.5),
and the probability of failure in certain zones of the roof and
sides is close to 100%.

The use of roof-bolt support partially increases stability,
but only a combined support, namely roof-bolts and shotcrete
combination, ensures that the FS standard is achieved and
exceeded, even in the most unfavourable scenarios.
Modeling confirmed that the combined support scheme most
effectively  stabilizes wedge formations, limits the
development of unstable blocks and compensates for the
dynamic impact of seismic activity.

Thus, the research confirmed that the stability of
underground mine workings in fractured and seismically
active rock masses cannot be guaranteed without the use of
engineering-based support. The presented methodology of
calculations and substantiation of support proves its
efficiency and can be used in the design and operation of
mine workings in similar mining-geological conditions.

This paper emphasizes the importance of integrating field
analysis, numerical modeling and probabilistic methods to
develop reliable solutions for ensuring the safety of
underground mining operations. This approach forms the
basis for practical application in the mining industry and for
further scientific research in the field of geomechanics.
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3acTtocyBaHHs iiIMOBIpHiCHOr0 aHAi3y I OOIPYHTYBaHHS NMapaMeTPiB KpinJjeHHs
B CeliicCMiYHO AKTHBHUX i TPIIMMHYBATUX TiPCHKHX MAaCHBAX

A. Mycin, A. Imames, A. Martaes, b. Xycan, P. A6npares

Merta. O0rpyHTYBaHHS ITapaMeTpiB KpiIUICHHS Mi[3¢MHHX TiPHUYUX BUPOOOK B YMOBAaX TPIIIMHYBATHX i CEHCMIYHO aKTUBHUX MAacHBIB
13 BUKOPHCTaHHIM HMOBIPHICHOTO aHaNI3y CTIHKOCTI.

Metoauka. JlocnimkeHHs IPyHTYEThCS Ha iHTEerpalii MoJIb0BUX IHKEHEPHO-TEOJIOTIYHUX CIHOCTEPEIKEHb, Te0JIOr0-CTPYKTYPHOTO aHaIi-
3y, YHCEIHFHOTO MOJICIIIOBAHHS Ta IMOBIPHICHUX METOJIB OIIHKHU CTiiikocTi. Ha OCHOBI re0TeXHIYHOTO OMHCY OpPi€EHTOBAaHUX KEPHIB BH3HA-
YeHO mapamerpu TpimuHyBarocti macuBy (RQD, Jy, Ji, Ju), BUKOHAHO cTepeorpadiuHuii aHami3 i3 BAKOPUCTAHHAM MPOTPaMHOro 3a0e3rme-
uenns Dips Ta po3paxoBaHuii iHmexc sikocti MacuBy Q. VIMOBipHiCHMIA aHami3 CTIKOCTI KIMHIB IPOBEACHO y MPOTPAMHOMY KOMILIEKCI
Unwedge 3 ypaxyBaHHSIM JHHAMIYHUX BIUIMBIB 1 ceiicMiuHuX koedimieHTiB 10 0.4. Po3rmsHyTo crueHapii 0e3 KpilUIeHHSA, 3 aHKEPHUM Ta
KOMOIHOBAaHHUM KPIIUICHHSIM.

Pe3yabTaTn. BecraHoBneHo, 110 pU HECTIPHUATIMBIN OpieHTauii BUPOOKH Ta BHCOKMX CEHCMIYHMX HAaBaHTaXXCHHAX O€3 3aCTOCYBaHHS
KpiIuteHHs KoedinieHT 3amacy criiikocti (FS) He nocsrae npoektHnx 3HaueHs (FS > 1.5), mo 3yMoBIIoe HeoOXiqHICTE 3aCTOCYBaHHS KOMOi-
HOBaHHUX CXEM KpIIlJIeHHSI.

HaykoBa HoBu3Ha. [lomnsirae B KOMIUIEKCHOMY 3aCTOCYBaHHI HMOBIPHICHOTO aHANI3y CTIHKOCTI 3 ypaXyBaHHSAM pealbHUX T'€OMETpHU-
HUX 1 MEXaHIYHUX XapaKTEPUCTHUK TPINIMHYBATOCTi, CECMIYHOrO BIUIMBY Ta MPOCTOPOBOi aHI30Tpomii MacuBy. Brepiue mi1s KOHKpETHHUX
IH)KEHEPHO-TEOJIOTIYHAX YMOB 00’ €IHaHI MONBOBI AaHi, iHAekc Q' Ta MozenroBaHHs B nmporpami Unwedge s oOTpyHTyBaHHS MapamMeTpiB
KOMOIHOBAaHOTO KPIIUIEHHS, aJallTOBAHOTO 10 CEHCMIYHO aKTHBHUX TPIIIMHYBATHX MACHBIB.

IIpakTnuna 3HaunMicTh. Po3pobieHa Meroanka Moxe OyTH aJanToBaHa A0 Pi3HUX TPHUYOTEXHIYHUX YMOB Ta CIIPHSE IiJBHIICHHIO
HaiHOCTI MPOEKTHHX pillleHb MpY OyIIBHUITBI Ta €KCILTyaTaLlii MiA3eMHHUX CHOPYA Y CKJIaJHUX I'eOJIOTIYHUX i CEHCMIYHO aKTUBHUX paifoHax.

Knruosi cnosa: mpiwurysamicmo, nio3emHi 6upoOKu, KpInieHHs, UMOSIPHICHULL AHATI3, CEUCMIYHA AKMUGHICIb, YUCETbHE MOOETIOBAHH S
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