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Abstract

As underground mining operations advance to greater depths, increasingly complex geomechanical conditions require
reliable assessment of the stress—strain state of the surrounding rock mass to ensure excavation stability and safety. The
objective of this study is to investigate the influence of in-situ stress conditions on stress redistribution, yielded zone
development, and rockburst susceptibility around deep underground excavations. Numerical modeling was performed using
the finite element method implemented in Rocscience RS2 for mining depths ranging from 600 to 1500 m and different
lateral stress coefficients. The Hoek—Brown failure criterion was adopted to evaluate rock mass stability and identify yielded
zones, while rockburst susceptibility was assessed using the Turchaninov, Wang, and Castro criteria. The results
demonstrate that increasing mining depth significantly increases stress concentration around excavations and promotes the
expansion of yielded zones. The spatial distribution of deformation and yielded zones is strongly controlled by stress
anisotropy, represented by the ratio between horizontal and vertical stresses. Higher lateral stress coefficients redistribute
deformation from the roof and floor toward the sidewalls, altering the dominant failure mechanisms. All applied criteria
indicate a systematic increase in rockburst susceptibility with depth, although the predicted hazard levels differ among the
methods. The novelty of this study lies in the integrated assessment of stress concentration, deformation localization, yielded
zone evolution, and rockburst susceptibility within a unified numerical framework. The findings contribute to improved
stability assessment, support design, and geotechnical risk management in deep underground mining.

Keywords: In-Situ Stress; Deep Mining; Numerical Modeling; Finite Element Method; Geological Strength Index (GSI); Yielded Zones;
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1. Introduction

The long-term exploitation of mineral resources in Kazakhstan has resulted in a substantial depletion of reserves at
shallow and intermediate depths, thereby driving a sustained transition toward deep-level mining. In major mining
regions, including both metal and coal mining districts, underground operations have reached depths of 500-600 m,
while in several deposits mining activities extend beyond 800—1000 m. This shift toward deep mining is accompanied
by significant transformations in geomechanical conditions, including increased rock pressure, an enhanced
contribution of horizontal tectonic stresses, and more complex interactions between the rock mass and underground
excavations. Under these circumstances, there is an increasing demand for advanced geomechanical analysis
techniques, particularly those based on numerical modeling of the stress—strain state and the accurate characterization
of the initial stress field for the design and stability assessment of underground structures.
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Within this framework, the in-situ stress state is recognized as a governing factor controlling the mechanical
behavior of the rock mass during underground mining. The geostatic stress field constitutes the primary loading
condition, defining the initial deformation state and regulating the redistribution of stresses induced by excavation
processes [1, 2]. It exerts a direct influence on excavation stability, the selection of support systems, and the
mechanisms of rock mass failure [1, 3-5].

An increase in mining depth is systematically associated with an increase in geostatic pressure, leading to elevated
stress levels within the rock mass. Concurrently, the influence of horizontal stresses becomes more pronounced, along
with their anisotropy, while the structural integrity of the rock mass deteriorates due to progressive fracturing and
defect accumulation.

The formation of the in-situ stress field is governed by the interaction of tectonic, gravitational, lithological, and
structural factors, resulting in pronounced spatial variability of geomechanical conditions [6-8]. Various techniques
have been developed for stress determination, including hydraulic fracturing, acoustic emission monitoring, stress-
relief methods, and overcoring [9-12]. Among these, the overcoring method remains one of the most reliable
approaches for direct evaluation of stress tensor components in rock masses [9]. Recent improvements in measurement
systems and stress inversion techniques have enhanced the accuracy of stress characterization in deep mining
environments [10-12]. Nevertheless, direct stress measurements remain costly, spatially limited, and strongly
dependent on local geological conditions, highlighting the importance of numerical modeling for stress field
reconstruction and geomechanical analysis [11-14].

Under such constraints, numerical modeling becomes an indispensable tool, enabling the integration of
experimental observations and geological data to reconstruct a representative stress field. Numerical techniques,
including finite element analysis, provide robust capabilities for detailed investigation of stress redistribution,
identification of stress concentration zones, and evaluation of rock mass stability [13-15].

Recent numerical investigations have emphasized that the geomechanical response of underground excavations is
controlled not only by the magnitude of in-situ stresses but also by the structural characteristics of the rock mass.
Imashev et al. [16] demonstrated that stratification significantly influences stress redistribution patterns, deformation
localization, and excavation stability. These findings indicate that reliable stability assessment of deep underground
openings requires simultaneous consideration of both the stress field and rock mass structural features.

With increasing mining depth, the influence of the in-situ stress state extends beyond purely static deformation
processes, giving rise to dynamic geomechanical responses. The most hazardous manifestation of such behavior is
rockbursts—sudden brittle failures resulting in violent ejection of rock into excavated spaces and posing a serious
threat to underground mining operations.

Both the frequency and intensity of rockbursts exhibit a strong correlation with increasing depth, reflecting
elevated in-situ stress levels and the formation of zones of maximum stress concentration around underground
excavations. When the stress—strength ratio reaches a critical threshold, the rock mass transitions into an unstable state,
leading to dynamic failure.

Contemporary studies identify several principal mechanisms governing rockburst occurrence, primarily
categorized into strength-based and energy-based instability mechanisms within the “rock mass—excavation” system.
These approaches capture different aspects of rock mass instability and failure development, however, due to the
inherently multiscale and nonlinear nature of the phenomenon, a unified theoretical framework has yet to be
established.

Recent review studies have provided a comprehensive synthesis of existing approaches to rockburst analysis and
prediction. Wagar et al. [17] proposed a classification framework based on occurrence mechanisms, stress sources,
failure characteristics, temporal behavior, and loading conditions. The authors also evaluated strength-based, energy-
based, deformation-based, and data-driven approaches for assessing rockburst susceptibility, highlighting the need for
integrated methodologies capable of accounting for the complex interaction between stress conditions and rock mass
behavior.

Recent studies have further emphasized the importance of integrating stress field characterization, numerical
modeling, and energy-based approaches for assessing rockburst susceptibility in deep mining environments.
Contemporary investigations have demonstrated that stress anisotropy significantly influences failure localization,
stress redistribution, and the development of excavation instability. Advances in stress inversion techniques have
improved the reconstruction of complex in-situ stress fields in deep underground environments, while modern
numerical simulations have provided new insights into the interaction between stress redistribution, plastic zone
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evolution and failure development processes. Nevertheless, considerable uncertainty remains regarding the coupled
influence of stress conditions, rock mass properties, deformation localization and rock mass failure on the initiation of
dynamic instability in deep underground excavations [17-19].

Despite significant advances in the characterization of in-situ stress fields, numerical modeling techniques, and
rockburst prediction methods, several important limitations remain. Most previous studies have focused either on
stress field characterization, deformation analysis, or rockburst assessment as separate research problems.
Furthermore, relatively few investigations have systematically examined the combined influence of stress magnitude,
stress anisotropy, and rock mass mechanical properties on deformation behavior, yielded zone evolution within a
unified geomechanical framework. Consequently, the quantitative relationships among stress redistribution,
deformation localization, yielded zone development, and rockburst potential in deep rock masses remain insufficiently
understood. Therefore, the objective of this study is to investigate the influence of in-situ stress conditions on the
stress—strain behavior and rockburst potential of deep rock masses through numerical modeling. Particular attention is
devoted to the analysis of stress redistribution, deformation localization, and yielded zone development under different
stress regimes.

The novelty of this study lies in quantifying the influence of different in-situ stress regimes on the coupled
evolution of stress concentration, deformation localization, and yielded zone development around underground
excavations. Unlike many previous studies that consider these factors independently, the proposed approach provides
an integrated assessment of the mechanisms controlling both excavation stability and rockburst potential in deep rock
masses.

The scientific contribution of the study consists in establishing the relationships between in-situ stress conditions,
deformation characteristics, yielded zone development, stress concentration, and rockburst susceptibility. It should be
emphasized that yielded zones are interpreted as indicators of mechanical instability and stress redistribution rather
than direct evidence of dynamic failure. The obtained results provide new insights into the geomechanical response of
highly stressed rock masses and contribute to the development of more reliable approaches for stability assessment,
excavation design, and geotechnical risk management in deep underground mining environments.

2. Materials and Methods

The objective of this study is to perform a numerical evaluation of the influence of the in-situ stress field on the
stress—strain response of the rock mass at considerable depths (600—-1500 m). To this end, the finite element method
(FEM) was employed using Rocscience RS2, a widely recognized platform for nonlinear geomechanical analysis.
Within the adopted problem formulation, the stress distribution was systematically analyzed under varying initial
stress conditions, while potential failure zones were delineated using the nonlinear Hoek—Brown strength criterion.
The rock mass was represented as an isotropic elasto-plastic medium, with strength parameters assumed to degrade as
a function of fracturing intensity and structural heterogeneity. The set of input parameters applied in the numerical
simulations is summarized in Table 1.

Table 1. Input parameters for numerical modeling

Parameter Unit Value
Uniaxial compressive strength, o MPa 100
Rock mass deformation modulus, E, MPa 8530
Intact-rock modulus MPa 20000
Unit weight t/m3 25
mb - 1.677
S - 0.0038
a - 0.50
Geological Strength Index (GSI) - 50
Poisson's ratio - 0.26
In-situ stress ratio, k - 08;1.0;1.1;1.2

2.1. Numerical Model Development

The numerical analyses were performed using the finite element software Rocscience RS2 under plane strain
conditions. A two-dimensional model representing a deep underground excavation was developed to investigate the
influence of in-situ stress conditions on the stress—strain response of the surrounding rock mass.

Figure 1 presents the model adopted for numerical simulations and the excavation parameters used in the analysis.
The cross-sectional area of the excavation is 19.82 m2. To minimize boundary effects, the dimensions of the numerical
domain were selected to be sufficiently larger than the excavation size, ensuring that stress redistribution around the
opening was not influenced by artificial boundary constraints.
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Figure 1. Geometry of the numerical model and excavation dimensions used in the simulations

The rock mass was modeled as an isotropic elasto-plastic medium governed by the nonlinear Hoek—Brown failure
criterion. Mechanical properties of the rock mass were derived using the Geological Strength Index (GSI) approach.
The rock mass deformation modulus was estimated using the empirical relationship proposed by Hoek & Diederichs
[19], while the strength parameters mb, s, and a were determined from the corresponding Hoek—Brown empirical
formulations:

D
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where, E,, is the rock mass deformation modulus, GSI is the Geological Strength Index, and D is the disturbance
factor. In this study, D = 0 was assumed.

The numerical domain was discretized using an automatically generated finite element mesh. Additional mesh
refinement was applied in the vicinity of the excavation boundary to improve the accuracy of stress and deformation
calculations in regions characterized by high stress gradients.

2.2. Boundary Conditions and In-Situ Stress Conditions

The initial stress field was assumed to consist of gravitational and tectonic components. The vertical stress was
calculated according to:

ov=7H 2
where, v is the unit weight of the rock mass and H is the depth below the ground surface.

The horizontal stress was determined using the lateral stress coefficient:
oh =k oy 3
where, k represents the ratio between horizontal and vertical stresses.

To evaluate the influence of stress anisotropy, four stress ratios were considered: k = 0.8, 1.0, 1.1, and 1.2. The
investigated depth range varied from 600 m to 1500 m, corresponding to conditions commonly encountered in deep
underground mining operations.

Normal displacement was restricted along the lateral boundaries of the model, while the bottom boundary was
fixed in both horizontal and vertical directions. The upper boundary remained free, allowing the development of
excavation-induced deformation.

2.3. Failure Assessment and Rockburst Indicators

The assessment of rock mass stability was conducted based on the Hoek—Brown failure criterion and the analysis
of principal stress distributions. Yielded zones were identified as regions where the stress state exceeded the strength
envelope of the rock mass.

The values of the rockburst intensity coefficient used for calculating the Turchaninov, Wang, and Castro rockburst
criteria were obtained directly from the stress distributions generated in the RS2 software according to the criteria
presented in Table 2. For each simulation case, the values corresponding to the largest zone distributed along the
excavation boundary and delineated by contour lines were selected. The maximum coefficient values obtained in this
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manner were subsequently used to calculate the rockburst susceptibility indices. The use of maximum contour-derived
values was considered justified because rockburst initiation is generally associated with localized zones of stress
concentration rather than with average stress conditions within the rock mass.

Particular attention was paid to the development of plastic zones surrounding the excavation, as their formation is
directly related to stress concentration and excavation instability. The obtained results were subsequently analyzed in
terms of stress redistribution, deformation localization, yielded zone propagation, and potential dynamic instability
under varying depth and principal stress ratio conditions. The adopted numerical modeling approach is based on the
widely accepted Hoek—-Brown failure criterion and finite element formulation implemented in RS2. The obtained
stress redistribution patterns and yielded zone development are consistent with observations reported in previous
studies of deep underground excavations [7, 16, 18-22], providing confidence in the reliability of the modeling results.

The overall workflow adopted for the numerical investigation is presented in Figure 2.

1. Input Data

« Rock mass properties and laboratory data
+ Hoek-B t .S, ! !

oel .rown parameters (m, s, a) ____: Details in Table 1 |
« Geological Strength Index (GSI) - | (Input parameters) {
« Excavation geometry L |
+ Depth range: 600-1500 m

¢ In-situ stress ratio: k = 0.8; 1.0; 1.1; 1.2

}

— =)\
2. Determination of Rock Mass Parameters

Output:

« Deformation modulus estimate (Hoek et al. [23]) Emy My, S, @

* Hoek—Brown strength parameters

|
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« 2D plane strain model
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+ Hoek—Brown failure criterion

I

! Details: i
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.
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- J
6. Finite Element Analysis RS te )
* Nonlinearanalysis L ___ ! RS2 analysis |
« Stress—strain calculation I process |

« Incremental loading to equilibrium

'

7. Results Extraction AN SRS \
* Principal stress distribation
» Stress concentration zones ‘[
Yielded (plastic) zones

'

8. Assessment and Interpretation o T g o o
Defo_rlmation behavior evaluation S | Final evaluation
Stability assessment (Hoek—Brown criterion) | s

R : : | and conclusions
Identification of potential failure zones \
Effect of depth and stress ratio on rockburst potential
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Figure 2. Methodological workflow of the numerical investigation
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3. Results and Discussion
3.1. Assessment of the Stress State of the Rock Mass at Great Depths

To assess the stress condition of the rock mass at great depths, as well as the influence of depth on stress
distribution, a depth range from 600 m to 1500 m was considered under a hydrostatic in-situ stress field. Figure 3
presents the results of numerical modeling, including the distribution of stresses and the formation of plastic zone
around the excavation within the rock mass.

Sigma 1
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Figure 3. Formation of principal stresses in the rock mass around the excavation at different depths: (a) 600 m;
(b) 1000 m; (c) 1500 m

The numerical modeling results presented in Figure 3 demonstrate the spatial distribution of the maximum
principal stress (Pmax) in the vicinity of the excavation. An increase in depth is accompanied by a systematic increase
in stress magnitude, as well as by a pronounced intensification of stress concentration near the excavation boundary.
At a depth of 600 m, stress concentrations are predominantly localized at the junctions of the sidewalls and the floor,
exhibiting relatively moderate intensity. At 1000 m, a well-defined high-stress zone develops along the entire
excavation contour, characterized by sharper stress gradients. At 1500 m, Pmax exhibits significant concentration
around the excavation, particularly within the roof and lateral zones, while regions of stress relief become increasingly
localized. In general, increasing depth results not only in elevated stress levels but also in a substantial redistribution
of stresses, leading to the formation of stable stress concentration zones and a more complex stress—strain state of the
rock mass.

The obtained results are consistent with the well-established understanding that increasing mining depth leads to a
proportional increase in geostatic stress and excavation-induced stress concentration. Similar observations have been
reported by Martin & Chandler [15], who demonstrated that highly stressed hard rock masses exhibit progressive
stress redistribution and localized failure around underground openings. A comparable tendency was also reported by
Brady & Brown [4], who emphasized that stress concentration around excavations becomes increasingly pronounced
with depth, resulting in reduced rock mass stability.

The numerical simulations further indicate that stress concentration is predominantly localized in the roof and
sidewall regions of the excavation. This behavior can be explained by the redistribution of the principal stresses
around the excavation contour and the formation of compressive stress arches. As depth increases, the magnitude of
the maximum principal stress grows substantially, resulting in larger stress gradients and more extensive yielded
zones. Such conditions are widely recognized as precursors to excavation instability and dynamic failure in deep
underground environments.
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3.1.1. Rockburst Prediction Methods

Rockburst prediction remains an important challenge in rock mechanics and deep underground mining. Numerous
approaches have been developed to assess rockburst susceptibility, including empirical, analytical, numerical,
laboratory-based, and monitoring-based methods. Among these approaches, strength-based and energy-based criteria
are the most widely applied in engineering practice.

Strength-based criteria evaluate the relationship between the induced stress state and the strength characteristics of
the rock mass, whereas energy-based approaches focus on the accumulation and release of elastic strain energy as a
mechanism of dynamic failure. Although considerable progress has been achieved in understanding rockburst
mechanisms, no universally accepted criterion currently exists, and different prediction methods may provide different
hazard assessments for the same geological conditions.

According to the review by Waqar et al. [17], numerous rockburst prediction criteria have been proposed within
the framework of strength-based and energy-based concepts. In the present study, emphasis is placed on strength-
based approaches because they can be directly applied to the stress distributions obtained from numerical modeling.

The Turchaninov, Wang, and Castro criteria were selected because they represent widely applied strength-based
approaches and provide complementary perspectives for the preliminary assessment of rockburst susceptibility in
underground excavations. The criteria adopted in this study are summarized in Table 2. Rockburst intensity was
subsequently evaluated using the numerical modeling results obtained for different mining depths and stress
conditions.

Table 2. Rockburst strength criteria

Rockburst intensity

Researchers Formula
None Light Medium Heavy Serious

T“mha’[‘z'gi"’ etal. (01+62)/G6i <03 0.3-05 05-0.8 >0.8 -

Castro et al. [24] (01- 03)/ O <0.45 0.45-0.6 0.6-0.7 >0.7 -

Wang & Cai [25] 60"/0i - 0.3-0.5 0.5-0.7 0.7-0.9 >0.9

Rockburst strength criteria
- H (m)
Turchaninov Wang Castro

600
1000
1500

Figure 4. Numerical modeling of hazardous zones around the excavation based on rockburst potential criteria at different depths
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Figure 4 presents a comparison of stress distribution and damage zones around an arched excavation at depths of
600, 1000, and 1500 m according to the Turchaninov, Wang, and Castro strength criteria. The modeling results
demonstrate that increasing mining depth leads to a systematic increase in stress concentration and expansion of the
failure zone around the excavation contour, indicating an increased rockburst hazard of the surrounding rock mass.

At a depth of 600 m, all criteria indicate a relatively stable rock mass condition with localized stress concentration
zones mainly occurring in the roof and at the junctions between the arch and the sidewalls. With increasing depth to
1000 m, a pronounced ring-shaped stress redistribution zone develops, while the maximum stress concentrations are
observed in the roof and sidewall regions of the excavation. At a depth of 1500 m, the formation of a continuous
damage zone around the excavation is observed, indicating the transition of the rock mass into a highly rockburst-
prone state.

The comparative analysis showed that the Turchaninov criterion predicts the highest stress concentration values
and is the most sensitive to brittle rock failure. In contrast, the Wang and Castro criteria exhibit smoother stress
distributions and better reflect the development of plastic deformation within the near-contour rock mass. Overall, the
results confirm that increasing mining depth significantly elevates the risk of dynamic ground pressure manifestations
and necessitates the implementation of reinforced support systems and comprehensive geomechanical monitoring.

A comparison of the three rockburst criteria reveals noticeable differences in the predicted extent of hazardous
zones. The Turchaninov criterion consistently identifies larger regions of elevated rockburst susceptibility compared
with the Wang and Castro criteria. This difference is primarily associated with the mathematical formulation of the
criterion, which is based on the relationship between principal stresses and uniaxial compressive strength and therefore
exhibits greater sensitivity to stress concentration effects.

In contrast, the Wang and Castro criteria provide more conservative predictions and are less sensitive to local stress
peaks. Similar discrepancies among strength-based rockburst criteria have been reported in recent review studies [16—
19], which concluded that different prediction methods often produce substantially different hazard classifications for
the same geological conditions. This observation highlights the importance of applying multiple criteria
simultaneously when evaluating rockburst susceptibility in deep underground excavations.

The agreement among all three criteria regarding the increasing rockburst hazard with depth provides additional
confidence in the reliability of the numerical results. Although the absolute hazard levels differ, the overall trend
remains consistent, indicating that depth is one of the dominant factors controlling rockburst potential.

As shown in Figure 5, the evolution of rockburst intensity, assessed using various methodological approaches
(Turchaninov, Wang, and Castro) based on rock mass strength criteria, demonstrates a consistent increasing trend with
depth. This trend reflects the progressive deterioration of geomechanical conditions and, consequently, the increasing
susceptibility of the rock mass to dynamic failure under elevated in-situ stress levels.
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Figure 5. Dependence of the rockburst hazard coefficient on mining depth

Figure 5 illustrates the relationship between the rockburst intensity coefficient and mining depth according to the
criteria proposed by Turchaninov, Wang, and Castro. The graph analysis was carried out based on the classification
presented in Table 2.

As the mining depth increases, the rockburst intensity coefficient also increases for all considered methods,
indicating a higher tendency of the rock mass toward dynamic manifestations of rock pressure. However, the pattern
of change and the estimated intensity levels differ among the researchers.
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According to the Turchaninov criterion, the coefficient values increase from 0.4 at a depth of 600 m to 0.9 at 1500
m. Based on Table 2, at depths of 600-800 m the rock mass corresponds to a low-intensity category (0.3-0.5), while
in the range of 1000-1200 m it reaches a medium intensity level (0.5-0.8). At a depth of 1500 m, the condition
corresponds to a heavy rockburst category (=0.8). This criterion demonstrates the highest sensitivity to increasing
depth.

According to the Wang criterion, the coefficient varies from 0.2 to 0.6. At a depth of 600 m, the hazard level is
absent or minimal, while at depths of 800-1000 m a low-intensity rockburst condition is observed (0.3-0.5).
Beginning from 1200 m, the condition transitions to medium intensity (0.5-0.7). The values do not reach the heavy or
very heavy rockburst categories.

According to the Castro criterion, the coefficient increases from 0.2 to 0.5. In the depth interval of 600-800 m, the
rock mass condition corresponds to no or low rockburst probability (<0.45), whereas at depths of 1000-1500 m the
massif is classified as prone to weak dynamic manifestations (0.45-0.6). The Castro criterion provides the most
conservative assessment of rockburst intensity. Thus, all methods confirm that the risk of rockburst increases with
mining depth. However, the Turchaninov criterion predicts a significantly higher intensity level compared to the Wang
and Castro criteria.

The depth-dependent increase in rockburst susceptibility obtained in this study is consistent with findings reported
in numerous investigations of deep mining environments. Li et al. [18] demonstrated that elevated in-situ stress levels
significantly increase the probability of dynamic failure and emphasized the importance of stress-based and energy-
based indicators for rockburst prediction. Similarly, Hoek & Diederichs [19] showed that rockburst intensity tends to
increase rapidly once critical stress thresholds are exceeded, particularly under conditions of high stress anisotropy.

Recent studies employing numerical modeling techniques have also reported that increasing depth promotes the
development of extensive stress concentration zones and larger plastic regions surrounding underground excavations
[18-20]. The present results support these observations and further demonstrate that stress concentration, yielded zone
evolution, and rockburst potential exhibit a strong coupled relationship.

From an engineering perspective, the obtained results indicate that underground excavations located at depths
exceeding approximately 1000 m require enhanced geomechanical monitoring and support design measures. The
progressive increase in stress concentration and rockburst susceptibility observed in the simulations suggests that
conventional support systems may become insufficient under deep mining conditions, necessitating the application of
dynamic support technologies and continuous stress monitoring systems.

3.2. Assessment of the Influence of the In-Situ Stress Field on the Formation of Plastic Zones as a Function of
Mining Depth

The development of plastic deformation zones around underground excavations is governed by stress redistribution
processes induced by rock mass unloading during mining operations. Numerous studies have shown that a plastic zone
forms in the vicinity of the excavation boundary, with its size and geometry controlled by the initial stress state,
excavation configuration, and the mechanical properties of the rock mass [18]. Under conditions of increasing depth
and elevated in-situ stresses, the internal structure of these zones becomes more complex, incorporating regions of
hardening, softening, and residual deformation, thereby reflecting the intrinsically nonlinear behavior of rock
materials. Furthermore, tectonic disturbances and structural heterogeneity contribute to stress field asymmetry and
promote the expansion of yielded zones, leading to a reduction in excavation stability [16].

In practical settings, underground excavations are typically subjected to complex, non-hydrostatic stress
conditions. Consequently, the investigation of plastic zone evolution under varying lateral stress coefficients is of
critical importance for excavation design and the maintenance of mining safety. The lateral stress coefficient is defined
as k = Pn/Py, where Py, is assumed to be equal to P, and the maximum principal stress varies within the range of 25—
42.5 MPa.

As illustrated in Figure 6, the spatial distribution of yielded zones around the excavation is strongly dependent on
the value of the lateral stress coefficient. At k = 0.8, the yielded zone is predominantly concentrated in the lower part
of the excavation, where the stress levels are highest, while the roof and sidewalls experience comparatively lower
plastic zone area. At k = 1.1, the yielded zone becomes more evenly distributed; however, the floor remains the most
highly stressed region, and the contribution of sidewall plastic deformation area increases. At k = 1.2, the yielded zone
pattern approaches a near-uniform distribution along the excavation contour, with more pronounced deformation
observed in the sidewalls.

With increasing depth, the overall intensity of plastic deformation increases, accompanied by a progressive
expansion of the plastic zone due to the growth of the initial stress field. Simultaneously, an increase in the lateral
stress coefficient leads to a redistribution of loading from the floor toward the sidewalls. At greater depths, these
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effects are further amplified, resulting in both the intensification and spatial enlargement of yielded zones
surrounding the excavation.

This behavior can be explained by the progressive increase in horizontal compressive stresses. As the stress ratio k
increases, a larger proportion of the load is transferred to the sidewalls, leading to the activation of shear-dominated
failure mechanisms. Consequently, the localization of yielded zones gradually shifts from the excavation floor toward
the lateral boundaries. Similar trends have been reported in numerical and experimental studies of deep underground
openings subjected to anisotropic stress fields [18, 20].

k=0.8 k=1.1 k=1.2 H (m)

1000

1200

1500

Figure 6. Development of the plastic zone around the excavation under different initial stress field conditions as a function
of mining depth

Figure 6 presents the spatial distribution of yielded zones around the excavation for different values of the lateral
stress coefficient (k = 0.8, 1.1, 1.2) at depths of 1000, 1200, and 1500 m. An increase in depth is associated with a
systematic expansion of the plastic zone and an increase in deformation intensity, which is directly related to the
growth of geostatic stresses.

At a low value of k = 0.8, the yielded zone is predominantly localized in the lower part of the excavation. As the
lateral stress coefficient increases (k = 1.1-1.2), the yielded zone is progressively redistributed toward the sidewalls,
resulting in a more uniform distribution along the excavation contour. The most extensive development of the plastic
zone is observed at a depth of 1500 m, where the rock mass experiences the highest stress levels.

In general, increasing depth leads to the intensification of yield zone processes, while higher values of the
lateral stress coefficient primarily control their spatial distribution around the excavation. Figures 7—9 provide a
more detailed characterization of the governing patterns of plastic zone evolution as a function of depth and the
initial stress field.
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Figure 7. Distribution of the yielded zone thickness along the excavation roof as a function of depth

2 -
E ——k-08 —o—k-1
= 18 A
§ k-1.1 k-1.2 Z o
216 A /
<
5
o 14 /
(<5}
C
X
L
E 1.2 A /
(5]
c
R
hel 14
(<3}
S
2
> 0.8 A

0.6 ; ; ; ; ; ; )
900 1000 1100 1200 1300 1400 1500 1600

Depth, m

Figure 8. Distribution of the yielded zone thickness along the sidewalls as a function of excavation depth
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A generalized analysis of the relationships describing the distribution of yielded zones in the roof, sidewalls, and
floor of the excavation (Figures 7-9) allows for the identification of consistent patterns governing the influence of
depth and the lateral stress coefficient (k) on the stress—strain state of the rock mass.

Across the entire investigated depth range (1000-1500 m), a systematic expansion of yielded zones is observed in
all elements of the excavation contour. This trend is directly associated with the increase in geostatic stresses and the
resulting expansion of stress concentration and yielded zones within the rock mass. At the same time, the spatial
distribution of deformation is strongly controlled by the ratio of horizontal to vertical stresses, as defined by the
coefficient k.

The analysis of roof behavior indicates that, at lower values of k (k = 0.8), more extensive yielded zones develop
due to the dominant influence of vertical stress. As k increases, stress redistribution occurs, resulting in a reduction of
deformation concentration in the roof and a partial transfer of loading to the sidewalls. This behavior reflects a
decreasing contribution of bending-tensile failure mechanisms in the roof with increasing horizontal stress levels.

In contrast, the sidewalls exhibit an opposite trend: an increase in k leads to a significant expansion of yielded
zones. At k = 1.2, the sidewalls become the most highly stressed components of the system, indicating the
predominance of shear failure mechanisms under elevated horizontal compression. With increasing depth, this effect
becomes more pronounced, and the sidewalls assume a controlling role in the development of the overall instability
zone.

The observed influence of stress anisotropy on yielded zone localization is consistent with previous studies
emphasizing the role of rock mass structure and geological discontinuities in controlling excavation stability. Imashev
et al. [16] reported that variations in rock mass structure significantly affect stress redistribution and deformation
patterns around underground openings. The present results further indicate that, even in an equivalent rock mass
representation, the ratio of principal stresses remains a dominant factor governing the spatial development of yielded
zones and potential instability regions.

The excavation floor consistently exhibits the highest levels of plastic deformation across all considered
conditions, which is attributed to the concentration of vertical stresses and the confining effect of the surrounding rock
mass. At lower values of k (i.e. k = 0.8), yielded zone in the floor reaches its maximum, whereas an increase in k leads
to a partial reduction in deformation intensity due to stress redistribution toward the sidewalls. Nevertheless, even at
higher values of k, the floor remains one of the most critical elements in terms of structural stability.

Overall, the integrated analysis of the three graphs demonstrates that increasing depth results in both the expansion
of yielded zones and a greater complexity of the stress—strain state of the rock mass, while the lateral stress coefficient
governs the spatial localization of these deformations. At low k values, deformation is predominantly concentrated in
the roof and floor, corresponding to tensile and bending-dominated failure mechanisms. In contrast, higher k values
promote a transition toward a more uniform deformation distribution dominated by shear mechanisms, with the
sidewalls playing a leading role. These findings are consistent with established theoretical concepts of stress
redistribution in rock masses and highlight the importance of accounting for the principal stress ratio in the assessment
of excavation stability at great depths.

It should be noted that the presence of yielded zones does not automatically indicate the occurrence of a rockburst.
Plastic deformation may act as a stress-relief mechanism and contribute to the redistribution of stresses around the
excavation. However, under deep mining conditions characterized by high stress levels and brittle rock behavior, the
development of localized yielded zones may coexist with the accumulation of substantial elastic strain energy in
adjacent rock volumes. In such cases, failure localization can serve as a precursor to dynamic instability rather than a
direct indicator of rockburst occurrence. Therefore, in the present study, yielded zones are interpreted as indicators of
potential instability and stress concentration, while rockburst susceptibility is assessed separately using established
rockburst criteria.

The obtained results are in good agreement with previous investigations of deep underground excavations. Recent
numerical and experimental studies have demonstrated that increasing stress anisotropy significantly affects the
geometry of yielded zones, promotes deformation localization, and influences excavation stability. The trends
observed in the present study further support these findings and indicate that the ratio of principal stresses is a
governing parameter controlling deformation localization in deep rock masses. Furthermore, the progressive
expansion of yielded zones with depth observed in this study confirms the strong relationship between stress
concentration, plastic deformation, and excavation instability under deep mining conditions [16, 18].
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4. Conclusion

This study investigated the influence of in-situ stress conditions on the stress—strain behavior, yielded zone
development, and rockburst potential of deep rock masses through numerical modeling using the finite element
method and the Hoek—Brown failure criterion. The analyses were performed for mining depths ranging from 600 to
1500 m and for different lateral stress coefficients (k = 0.8-1.2), enabling a comprehensive assessment of the role of
stress magnitude and stress anisotropy in controlling excavation stability.

The results demonstrate that increasing mining depth leads to a substantial increase in stress concentration around
underground excavations and promotes the progressive expansion of yielded zones. At depths exceeding 1000 m,
stress redistribution becomes significantly more pronounced, resulting in the formation of extensive high-stress
regions around the excavation contour. The numerical simulations revealed that the geometry and localization of
yielded zones are strongly dependent on the ratio between horizontal and vertical stresses. At relatively low values of
the lateral stress coefficient, deformation is concentrated primarily in the roof and floor, whereas higher stress ratios
promote the redistribution of loading toward the sidewalls and increase the contribution of shear-dominated failure
mechanisms.

The analysis of rockburst susceptibility using the Turchaninov, Wang, and Castro criteria confirmed that the
potential for dynamic failure systematically increases with depth. Although the criteria predict different hazard levels,
all methods indicate a consistent trend of increasing rockburst susceptibility under elevated stress conditions. The
Turchaninov criterion was found to be the most sensitive to stress concentration effects, while the Wang and Castro
criteria provided more conservative assessments.

The obtained results highlight the coupled influence of stress magnitude and stress anisotropy on the
geomechanical response of deep rock masses. The study demonstrates that excavation stability cannot be reliably
assessed on the basis of mining depth alone, since the ratio of principal stresses exerts a comparable influence on
deformation localization and failure development. From an engineering perspective, the findings emphasize the
necessity of incorporating realistic in-situ stress conditions into numerical analyses and support design procedures for
deep underground excavations. The proposed approach contributes to a better understanding of excavation instability
mechanisms and provides a basis for improving geomechanical risk assessment and rockburst hazard management in
deep mining environments.
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