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EXCAVATIONS

Abstract. The study focuses on modeling the stress-strain state of mine workings with anchor support under various seam dip angles and excavation shapes. The condi-
tions of seam K10 at the «Abayskaya» mine of Qarmet’s mining division are considered. Numerical simulations were conducted using the ANSY'S software package. The
research examines the influence of excavation geometry and coal seam dip angle on stress distribution within the rock mass. The objective is to optimize support parameters
to ensure the stability and safety of mine workings. The results highlight the importance of accounting for geological factors and excavation geometry in the design of
supports under complex mining and geological conditions.
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Tay-KeH KyMBICTAPBIHBIH TYPAKTHLIBIFBLIH MOEIbIEY

Amnparna. 3eprrey opTypill Kyiay OyphITapbl MEH Ka30a MmilliHAepiHAeri aHKepIIiK OSKITIEMEH Tay-KeH Ka30aaapbIHbIH KepHEYIi-ae(hopMalisIIaHFaH KYHiH MOJICIIb-
Jieyre apHaiFaH. Qarmet Tay-keH OenimieciHin «Abaiickasy» maxTackiHbH K10 kabar sxarqaitnaps! kapacteipsurran. Tangay yurin ANSY'S OarapiamalbiK KeIIeH H maif-
JTaJIaHBI, CaH/IBIK MOJEIIb/CY KYPri3inai. 3epTTeyae Ka30aHbIH reOMETPUSICHI MEH KOMip KaOaThIHBIH KyJ1ay OYpPBIIIBIHBIH KePHEYJICPIiH TapalyblHa dcepi KapacThIpblia-
bl 3epTTey/IiH MaKcaThl — Ka30anapablH TYPAKThUIBIFBIH KAMTAMAChI3 €Ty XKOHE KayilCi3AiriH apTThIpy YIUiH OeKiTy mapamMeTpiepiH OHTalIaHbIpy. AJIBIHFAH HOTHKEIEP
KYpZiedi Tay-TeoNOTHsUIbIK JKaFailapaa OexiTysi skobaay Ke3iHie TeonorisuIblK akTopiap MeH Ka30a MillliHiH eCKepy MaHBI3ABUIBIFBIH KOPCETE] .

Tyiiinodi co3dep: may-xen Kazbanapwl, ankepiix beximneoezi Kepueyni-oepopmayusnanean Kyi, Kazoa NiuiHiHiK MYPAKmMeliblebl, May-KeH HCYMbICIMAPbIHbIY KAYincis-
Oiel, kepHeynepoi MoOenbOey, KOHMYp MAHbl MACCUBI, 2COMEXAHUKA.

MogaenupoBaHue yCTOHYNBOCTH TOPHBIX BHIPA0OTOK

AHHOTaH“ﬂ. I/Iccne}loaa}me TIOCBAILIICHO MOJCINPOBAaHUIO HaHpH)KEHHO-I[e(bopMHpOBaHHOI‘O COCTOSAHUS TOPHBIX BLIpaGOTOK C aHKEPHBIM KPEIUICHUEM IIPHU pa3inyg-
HBIX yIVIaX MaJieHusl I1acTa u popmax BeIpaboTku. PaccMoTpensl yenoBust mitacta K10 maxtel « Abaiickas» TopHOpYAHOro quBu3roHa Qarmet. J{iist aHann3a UCIOIb30BaHO
YUCIICHHOE MOZCIMPOBAHKE C IPUMEHEHHEM porpaMmMHoro komriekca ANSYS. B pabote nsyuaercst BIMSHHE F€OMETPUH BBIPAOOTKH H yIVIa MaACHUS YTOIBHOTO [IACTa
Ha pacripeaeICHue HaHpﬂ)!(eHI/[ﬁ B mopoaax. HeJ’ILIO HCCIICAOBAHUA ABIISICTCSA ONITUMH3ANS ITAapaMETPOB KPCIITICHUS IS obecrieueHust yCTOﬁQHBOCTH ¥ TIOBBIIIEHUS 0€3-
OITaCHOCTH BLIpa6OTOK. l'lonyquHLIe PE3YyIBTaThl IEMOHCTPUPYIOT 3HAYMMOCTDE Y4€Ta I'€OJIOTMYCCKUX (baKTOpOB u (I)OPMBI BBIpa6()TOK IIpA IIPOEKTUPOBAHUHA erneﬁ B
CJIOKHBIX TOPHO-I'€OJIOTHYECKUX YCIOBUAX.

Kntouesvie cnosa: 2opvie 8bipabomKu, HaAnpaNCceHHo-0ephopmuposanoe CoCmosHue AHKepHol Kpenu, CmabuibHoCms Gopmul 6bleMKU, 6E30NACHOCMb 20PHbIX pabom,

MOOenUposanue HanPAICeHull, 20pHble 8bIPAOOMKLU, NPUKOHNYPHBII MACCUBE NOPOO, 2COMEXAHUKA.

Introduction

One of the key issues in mining is ensuring the stability of
underground excavations, which directly impacts the safety of
workers and the efficiency of mining operations. In a study
dedicated to modeling the stress-strain state of mining work-
ings, the Finite Element Method (FEM) was employed using
the ANSYS software package to analyze the rock mass. The
primary focus was on modeling the conditions of the «Abays-
kaya» mine, where different dip angles of layers and shapes of
excavations were considered. The obtained results showed that
the geometry of the excavations significantly affects the stress
distribution, with the rectangular shape of the excavation with
anchor support being preferred in complex geotechnical con-
ditions.

A similar study was conducted by Dimitrienko Y.I. and
Yurin Y.V. in their work «Finite Element Modeling of the
Stress-Strain State of Rocks Considering Creep» [1]. This
work used a finite element algorithm to solve the three-dimen-
sional problem of rock creep. The primary focus was on cre-
ating a 3D computer model to analyze stresses under varying
exposure times. These results highlight the importance of con-
sidering temporal factors when designing supports.

An interesting addition is the work performed at the Don
State Technical University, titled «Stability of Rock Exposures
in Mining Workings» [2]. The study focuses on assessing the
stability of rock exposures at the contours of mining workings,
as well as proposing engineering methods for calculating sta-
bility. These methods can be useful when developing support
parameters for complex geotechnical conditions.

Furthermore, a study conducted at the Kuzbass State Tech-
nical University is dedicated to the influence of geomechanical
factors on the stability of rock masses and methods for their
optimization [3]. The authors proposed improved methods for
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designing support systems, emphasizing the interaction be-
tween geomechanical parameters and reinforcement technol-
ogies.

Thus, the research on modeling the stress-strain state of
mining workings complements the existing scientific litera-
ture, confirming the importance of excavation geometry and
support systems for enhancing the stability of mining work-
ings. A comparison with similar studies shows that the use of
numerical modeling methods such as FEM allows for detailed
analysis and optimization of support parameters in complex
geological conditions.

Research Methods

The study utilized the Finite Element Method (FEM) in the
ANSYS software suite for numerical modeling of the stress-
strain state of the rock mass. The initial data for the modeling
consists of the geometric parameters of the K10 seam at the
«Abayskaya» mine, including the depth (400 m), thickness of
the coal seam (3.8 m), and the physical-mechanical properties
of the enclosing rocks obtained from geological and engineer-
ing surveys.

The model takes into account the behavior of the rock mass
in the conditions of the given excavation geometry (arch-
shaped and rectangular) and various dip angles of the seam
(from 10° to 50°). Two-dimensional elasticity theory was used
for modeling, which is due to the relatively short deformation
period of the rock mass during the advancement of the exca-
vation.

Previously, the authors conducted a series of studies on the
modeling of rock mass behavior in Kazakhstani mines using
similar approaches, the results of which were published in the
work by Zhakypova A.B. «Geomechanics in the Mining In-
dustry» [4]. This study further develops these approaches, with
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particular attention to the influence of excavation geometry
and dip angles on stress distribution.

Results and Discussion

Numerical modeling showed that the shape of the excava-
tion and the dip angle of the seam significantly influence the
stress distribution within the rock mass. The main focus was
on analyzing normal, longitudinal, and shear stresses for both
arch-shaped and rectangular excavation profiles at dip angles
ranging from 10° to 50°.

For the arch-shaped cross-section of the excavation, nor-
mal stresses increase exponentially with the rise in dip angle,
reaching 13.5 MPa at the maximum dip angle (50°) (Figure
la). This is explained by the concentration of stresses at the
upper part of the excavation due to its curved shape, which in-
tensifies the localized load on the support system. In contrast,
the rectangular cross-section demonstrates a more uniform
distribution of normal stresses: values increase from 1.2 to 3.5
MPa as the dip angle rises, then stabilize (Figure 1b). This uni-
formity is explained by the absence of bends and the even dis-
tribution of load across the flat surfaces. The rectangular shape
reduces the concentration of normal stresses and decreases the
load on the support system, making it more stable under com-
plex geo-mining conditions.

Longitudinal stresses (¢) depend on the dip angle and the
shape of the excavation. For the arch-shaped profile, values
increase from 63.2 to 64.1 MPa as the dip angle rises, then
stabilize (Figure 2a). In the rectangular profile, stresses vary
from 49 to 53.4 MPa, and then decrease to 52 MPa with fur-
ther increases in the dip angle (Figure 2b). This indicates low-
er stress levels in the rectangular section, which is associated
with a simpler stress distribution across the flat surfaces of the
excavation. The rectangular shape ensures lower longitudinal
stresses, contributing to its overall stability.

Shear stresses (7) show a complex dependence on the dip
angle. For the arch-shaped profile, they initially decrease from
50° to 33 MPa but then increase again to 37 MPa at higher
angles (Figure 3a). In the rectangular profile, the values re-
main lower and more stable (Figure 3b), due to the absence of
curved sections that would create additional loads. Despite the
advantages of the rectangular shape, its stability may decrease
in the presence of geological disturbances such as cracks or
uneven load distribution on the support system.

Comparative analysis shows that the rectangular shape of
the excavation is preferable in terms of reducing the concen-
tration of normal, longitudinal, and shear stresses. This con-
firms its suitability for complex geo-mining conditions, such
as the K10 seam at the «Abayskaya» mine. The results can
be explained by the specific stress distribution within the rock
mass. The arch-shaped profile creates zones of concentration
due to the curvature of the excavation, which increases local
loads. In contrast, the rectangular shape allows for a more
even distribution of loads across the entire surface, reducing
the likelihood of structural failure. However, its effectiveness
may decrease if cracks or other defects in the rock mass occur.

The obtained results emphasize the importance of select-
ing the correct excavation geometry and support parameters
to increase the stability and safety of mining operations. The
rectangular excavation shape not only reduces the load on the

support system but also lowers the costs associated with its
design and operation. This is of significant importance for the
planning and optimization of mining activities in areas with
complex geological sections.

The findings of this study are in agreement with the conclu-
sions made by Zhakypova [4], which highlighted the impor-
tance of selecting the excavation geometry to manage the stress
state of the rock. Furthermore, the data showing the reduction
in stress concentration for the rectangular shape align with the
results of Zhang et al. (2021) and Lee et al. (2018). This un-
derscores the universality of the conclusions and confirms the
practical applicability of the proposed approach. However, the
modeling was based on a two-dimensional analysis, which is
a limitation of the study. For a deeper understanding, three-di-
mensional modeling is recommended, along with the inclusion
of temporal factors such as rock creep, and investigations in
fractured rock mass conditions.

Theoretical Foundations of the Problem

The theoretical basis of this study is grounded in the prin-
ciples of geomechanics and the mechanics of rock masses,
particularly in the theories of elasticity and the analysis of
the stress-strain state of rock masses under various loading
conditions. These aspects are comprehensively discussed
in the work of Ryl’nikova M.V. and Zoteev O.V. «Geome-
chanics», which describes the mechanical properties of rock
masses and approaches to assessing the stress state of rock
formations [5].

To model the complex distribution of stresses in mine
workings, the Finite Element Method (FEM) is used, which
has been successfully applied in the work of Dimitrienko Y.I.
and Yuriev Y.V. for the analysis of three-dimensional stresses
and deformations in rock masses [6].

Figure 1 illustrates the distribution of normal stresses (Fig-
ure la) and longitudinal stresses (Figure 1b) for the arch-
shaped excavation profile at various seam dip angles. The
results of the analysis show that normal stresses (Figure 1a)
increase exponentially with the rise in dip angle, reaching a
maximum value of 13.5 MPa. Meanwhile, longitudinal stress-
es (Figure 1b) increase to 64.1 MPa before stabilizing. These
results emphasize the necessity of considering the impact of
the dip angle when designing the support system.

Figure 2 presents a more comprehensive analysis of stress
distribution for different excavation profiles (arch-shaped,
rectangular, and polygonal). The following data are shown in
Figure 2:

- Figure 2a: Distribution of normal stresses

- Figure 2b: Longitudinal stresses

- Figure 2c: Shear stresses

- Figure 2d: Stress distribution in the contour zone

- Figures 2e and 2f: Stress maps in the surrounding rock
mass

The analysis shows that the rectangular shape of the exca-
vation leads to lower concentrations of normal and longitudi-
nal stresses (Figures 2a, 2b), as well as more even distribution
of shear stresses (Figure 2¢). In the stress maps (Figures 2e,
21), it is evident that the rectangular shape ensures a more sta-
ble rock mass state compared to the arch-shaped and polygo-
nal profiles.
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Thus, the study confirms the importance of selecting the ap-
propriate geometry of the excavation and the support parame-
ters to reduce the risks of rock failure and improve the stability
of mine workings. The results are a significant contribution to
the theory and practice of designing support systems in com-
plex geo-mining conditions.
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Figure 1. Influence of Roadway Shape and Seam Dip
Angle on Maximum Stress Magnitudes in the Rock Mass
with Anchor Support: (a) Normal stresses, (b) Longitudinal

stresses, (c) Shear stresses, 1 — Arched, 2 — Polygonal,
3 — Rectangular.
Cyper 1. Ken Ka30acbIHbIH HillliHi MeH Ka0aTThIH eHic
OYpBIMIBIHBIH dCePi: Markcumanovl Kaieinmel (a), OOUNbIK
(6), ocanama (8) kepHeynepOiy MaHIHe MAY HCLIHLICINADYL
maccusinoe ankepiik 6eximyoi KonoaHy xKesinoe;

1 — apkanvix, 2 — kenbypuviuimsl, 3 — MIKOYpbIUmMbL.
Puc. 1. Biusinue Buaa ¢gopMsbl BEIPa0OTKH U yriia
NajIeHUs IU1aCTa HA BeJUYUHY: MAKCUMATLHBIX
HOpMANbHYLIX (@), npodonbHbIX (0), KacamenbHbix (8)
HANPAHCEHUIL 8 MACCUBE NOPOO NPU AHKEPHOM KpenieHuu
svipabomxu; 1 — apounas, 2 — nonueoHanvHas,

3 — npamoyzonvHas.

Analysis of Stress Distribution for Arch-Shaped Excava-
tion Profile

For the arch-shaped cross-section of the mine working,
normal stresses increase with the rise in the dip angle of
the seam, following an exponential function, ranging from
10 MPa to 13.5 MPa (Figure 1). These results demonstrate
that the dip angle of the seam has a significant impact on the
distribution of normal stresses, creating stress concentration
zones in the surrounding rock mass, particularly in the con-
tour zone.

Thus, the arch-shaped excavation profile leads to an in-
crease in normal stresses, necessitating additional measures to
ensure the stability of the mine working. Further analysis of
the stress distribution is conducted by considering longitudinal
and shear stresses (Figure 2).

Figure 2 presents the results of the analysis of longitudinal
and shear stresses at different dip angles of the seam for the
arch-shaped excavation profile. The analysis of longitudinal
stresses (o) shows that their values increase with the increase
in the dip angle of the seam but stabilize after reaching a cer-
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tain threshold. In contrast, shear stresses (z) exhibit more com-
plex dynamics: their values first decrease and then increase
again as the dip angle increases.

This behavior of stress components emphasizes the need
for careful consideration of the seam's dip angle in the de-
sign and planning of mine workings, as changes in stress
distribution can affect the stability and safety of the excava-
tion. The results suggest that while the arch-shaped profile
may be advantageous in some cases, it may also require
more rigorous support systems to manage increased stress
concentrations effectively.

The analysis of the stress distribution, presented in Figure
2, shows that the shape of the excavation has a significant im-
pact on the mechanical behavior of the rock mass. Figure 2a
demonstrates that normal stresses in the rectangular excavation
shape are distributed more evenly compared to the arch shape,
which reduces local stress concentrations. Figure 2b confirms
that longitudinal stresses in the rectangular shape reach lower
values than in the arch shape, especially at higher dip angles,
improving the overall stability of the structure. Figure 2¢ pres-
ents the distribution of shear stresses, where it is evident that
the arch shape is more prone to local concentrations, while
the rectangular shape provides a more stable distribution. Fig-
ure 2d shows the stress distribution in the surrounding zone
of the rock mass, highlighting that higher local stresses occur
with the arch shape, which may require additional engineer-
ing solutions. The stress contour plots in Figures 2e and 2f
confirm that the surrounding rocks experience less stress with
the rectangular excavation shape, making it more preferable in
complex geological conditions. Thus, the analysis of Figure 2
leads to the conclusion that the rectangular excavation shape
reduces the risk of failure, ensures a more uniform load distri-
bution, and is the optimal solution for ensuring the stability of
underground workings. For the polygonal excavation shape,
the trends in the stress-strain state are similar to those observed
for the rectangular shape. The stresses in the polygonal shape
are 1.5 times higher, while the pressure is lower by 2—3 MPa
and the stress is 1.5-2.0 times higher. The change and distri-
bution of stresses in the zones surrounding the excavation are
shown in Figures 2e and 2f. The studies conducted allow us
to conclude that the rectangular excavation shape with anchor
support in the host rocks is preferable for the conditions of
the K10 seam at the «Abayskaya» mine of the Qarmet mining
division.

Conclusion

The conducted study demonstrates the importance of se-
lecting the geometry of underground workings and support
parameters to ensure stability and safety under complex geo-
logical conditions. Using numerical modeling with the finite
element method (FEM) in the ANSYS software, the distribu-
tions of normal, longitudinal, and shear stresses in the rock
mass were analyzed for different dip angles and excavation
shapes.

The obtained results showed that the rectangular excava-
tion shape provides a more uniform distribution of stresses
compared to the arch shape. The rectangular shape reduces
the concentration of normal, longitudinal, and shear stresses,
making it preferable for the stability of underground workings.
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Figure 2. Distribution of Maximum Stresses in the Surrounding Rock Mass of the Roadway with Shape.
Cyper 2. Ken Ka30acbIHBIH aiiHaTacbIHAAFBI OYHipJik Tay )KbIHBICTAPBIHAAFBI MAKCUMAJ/IBI KepPHeYJIepAiH TapaJIybIp.
Puc. 2. PacnipenesieHre MakCHMMAJIbHBIX HANPSIZKEHUI B 00KOBBIX MOPOJAX, OKPYKAIOLIUX BHIPAOOTKY ¢ (hOpPMOii.

In contrast, the arch shape creates higher local stresses, which
require additional measures to ensure stability.

The practical significance of the study lies in the potential
application of the results for designing support systems, which
can increase the stability of underground workings and reduce
operational costs. The conclusions align with data from previ-
ous studies, including works by Zhakypov, Zhang et al., Lee
et al., Seryakov V.V., Pytel U., Parchanovich J., Pytel V., Mer-
tushka P., Jones T., and Paprocki H. [1-10], highlighting the
universality of the proposed approach.

However, the study has its limitations. The analysis was
based on a two-dimensional model, which does not account
for three-dimensional effects and the influence of time (e.g.,
rock creep). For further development of the topic, it is rec-
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ommended to conduct three-dimensional modeling, study the
influence of rock fracturing, and explore long-term character-
istics of the support system.

This research contributes to the development of approaches
for designing support systems for underground workings, of-
fering optimal engineering solutions to enhance the stability
and safety of mining operations.
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