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Abstract

Purpose. The research purpose is to assess the stability of mine workings driven in a stratified rock mass by studying the
influence of the stratified rock bedding angle on the rock mass stress-strain state (SSS).

Methods. The research uses both experimental and numerical methods. Experimental studies are carried out using rock
samples with different angles of rock layer occurrence, while numerical modeling is performed using the RS2 (Geotechnical
Finite Element Analysis) software based on the generalized Hoek-Brown failure criterion. The studies are carried out on
models covering the border area of the mine workings driven in the mass with the angles of rock occurrence from 0 to 75°.

Findings. Experimental and numerical studies have shown that when the rock layer inclination angle changes, significant
changes occur in the stress concentration zones around the mine workings. An increased rock layer inclination angle is accom-
panied by a change in stress distribution, which is important for assessing the stability of mine workings. A particularly strong
influence is observed at the angles of rock occurrence 30° and above.

Originality. The research novelty is in revealing the patterns in the stress distribution in the stratified rock masses depen-
ding on the rock layer inclination angle. Research results provide new data on the rock interaction mechanisms in difficult
geological conditions.

Practical implications. The results obtained can be used in the planning and operation of mine workings in difficult geo-
logical conditions. By taking into account the changes in stress zones caused by the rock layer inclination angle, it is possible
to improve the safety and efficiency of mining operations.
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1. Introduction alternation of different rocks. Anisotropic deformation and
The mining industry plays a key role in the economy of  failure characteristics of stratified rocks should be taken into
Kazakhstan, constituting an important link in the structure of ~ account when analyzing the design and stability of an under-
its industrial production and export supply [1]-[3]. The coun- ~ ground structure [9]-[11]. _
try is rich in natural resources, which include coal, oil, gas, ~ __/According to previously conducted studies, the rock stra-
metal ores and various minerals. This rich geological poten- t|f|c_at|on has been found to S|gn|f|cantly m_ﬂuence the stress-
tial makes Kazakhstan one of the leading producers and  Strain state of the mass surrounding the mine workings. The
exporters of resources in the global market [4]-[6]. However, ~ Paper [12] indicates that for undisturbed rock without frac-
there are various challenges related to the stability of mine ~ tures, the failure zone is smaller than in the mass with bed-
workings in rock masses during the mining of mineral depos- ding layers. Strat_lfled structure reduces rock strength due to
its. A particularly important factor influencing the stability of ~ Planes of weakening [13], [14]. The authors of the paper [15],
mine workings is the structure and mechanical properties of ~ Pased on experimental data, constructed regression relation-
stratified rocks [7]. ships to assess the influence of be_ddmg angle _and Iatere_ll
Stratified rocks are widespread in the rock masses of ~ Pressure on strength and deformation. Correlation coeffi-
Kazakhstan and have a significant impact on the processes of ~ cients show a direct relationship between these factors.
field mining. The stratified rock behavior in mine workings ~ According to the authors in [16], there are two mecha-
depends to a large extent on their bedding angle and the ~ NisSMS of anisotropic. r_ock failure. If additional parameters
stress distribution around the mine working [8]. Understan- unrelated to the stratified rock structure are not considered,

ding these processes is a key to ensuring the safety and effec-  these are failure along bedding planes and failure along
tiveness of mining operations. In most cases, the mass sur- planes where critical rock strength is achieved. The authors
rounding underground structures consists of stratified sand- N [17] argue that at horizontal occurrence of rocks, the fai-
stone, shale and interstratified sedimentary rocks, that is, an  lure mode is similar to that of “rock beam™ and, at large rock
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layer inclination angles there is a sliding on the contacts of
rock layers. However, it should be noted that the research
does not take into account the rock mass gravity. The pa-
per [12] states that at an inclination angle of 45°, the failure
mechanism in the mass changes from bending to sliding.

Depending on the rock layer inclination angle, the stress
zones around the mine working at horizontal and vertical
occurrence of layers are distributed symmetrically relative to
the vertical mine working axis, whereas with inclined rock
mass stratification, the symmetry changes, but with an in-
crease in the inclination angle, the symmetry axis shifts [18],
[18]. Asymmetry of failure zones leads to unfavorable be-
havior of the mass around the mine working [20].

According to previous studies, the strength of stratified
rocks varies depending on the direction of the acting loads.
The maximum strength of the rock mass border area is
achieved under the perpendicular influence of the acting
loads relative to the rock layers. Minimum strengths are
achieved when the angle between the layers and the direction
of the acting loads is in the range of 30 to 60° [21]. Triaxial
compression tests of rock samples with different layer dip
angles performed by the authors of the paper [22] show that
the failure mode and stratified rock strength are related to the
layer inclination angles, demonstrating obvious anisotropy.
However, at horizontal (#=0°) and vertical bedding gra-
dients (B = 90°), the rock strength varies, and this difference
should be taken into account in the failure criteria.

The strength criterion is of decisive importance in deter-
mining the rock mass failure characteristics. Quite a few
criteria have been proposed to describe the dependence of
anisotropic rock strength on the mass SSS, such as Hoek-
Brown, Mohr-Coulomb, Jaeger theory, etc. [23], [24]. Clas-
sical failure criteria for assessing the isotropic mass stability
require consideration of the thickness and strength, as well as
the direction (inclination angle) of individual rock layers in
the geomechanical substantiation of an anisotropic mass [25].
Hoek-Brown proposed that the anisotropic rock strength
parameters vary depending on the load direction. When stud-
ying the anisotropic rock strength, it has been revealed that
the Hoek-Brown criterion parameters quantify the aniso-
tropic effect [26]-[28].

Before technogenic outcrops, the rock mass is in an un-
disturbed stress-strain state under the influence of vertical
and horizontal forces. During mining operations, the initial
stress state is disturbed and stresses are redistributed [29].
De-stressing zones and stress concentration zones are formed
around the mine working. If the SSS exceeds the critical
strength of the rocks surrounding the mine working, then a
failure process occurs. Studying the mass SSS provides valua-
ble initial data for solving problems arising in the conditions
of underground mining, construction of underground struc-
tures, and the stability of rock outcrops in mine workings.

The paper discusses the influence of the rock dip angle
and the distribution of acting stresses on the failure zone
around the mine working.

2. Methodology

In this paper, the assessment of rock stability is imple-
mented using the generalized Hoek-Brown criterion, widely
known in rock mechanics. The generalized Hoek-Brown
criterion [30], [31] was developed as a tool to assess the rock
mass strength (Fig. 1).
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Figure 1. General diagram for GSI assessments based on geologi-
cal observations

Based on the criterion, the transition from the laboratory
strength of rock samples to the strength properties of rocks in
the mass has been developed by introducing additional
parameters that take into account structural weakening — GSI
(Geological Strength Index) [32].

Based on the rock mass quality, the intact rock strength is
reduced quantitatively to assess the rock mass strength.
The generalized Hoek-Brown criterion is expressed by the
following Formula:

a
01=G3+O'c[mb$+SJ ) (1)
O¢

where:

o1 and o3 — the principal and secondary effective stresses
at failure, respectively;

oc — the undisturbed rock uniaxial compressive strength;

mp, S, a-—the Hoek-Brown constants, which are deter-
mined based on the GSI and D parameters (technogenic dis-
turbance coefficient of the mass) by Formulas:

e m exp[ 8312100 @
b= 28-14D )’
GSI -100
s=exp| ——— |; 3
p( 9-3D j ®
1 _Gst 20
a=_+ole 15 +e 3 (4)

The technogenic disturbance coefficient D of the mass is a
factor reflecting the technogenic influence on the studied rock
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and tunneling conditions. The factor D value varies from 0
(minimal technogenic impact on the rock — good rock quality)
to 0.8 (poor rock quality, drilling and blasting mining method).

An important input parameter of the Hoek-Brown failure
criterion is the geological strength index, developed to de-
scribe the rock structure and fracture surface conditions in a
rock mass. GSI is determined by visual inspection of the
mass, outcropped surfaces of mine workings and pieces of
rock cores [33]. Using GSI, the mechanical behavior of the
rock mass can be accurately assessed for both very poor and
very good quality rocks [33].

To study the deformations and failure mode of stratified
rocks, samples simulating bedding layers are made from
building materials. Rock samples are filled with three layers
at different angles of occurrence, which are shown in
Figure 2. For different rock test methods, the ratio of the
sample height to its diameter, according to the accepted
methodology, is recommended to be equal to two. With this
ratio of sample sizes, the accuracy of test results is signifi-
cantly improved and the influence of various factors on the
strength and deformation of rock samples is reduced. The
sample is prepared in a cylindrical shape with a diameter of
40 cm and a height of 80 cm.

I II
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: ’77 High-strength rocks

2;4’,34‘,:2}{& Medium-strength rocks

i X | Low-strength rocks

80 cm

. 40cm |

Figure 2. Formation of rock samples to be tested: | — 0° IT- 5%
1 —15% 1V —30°%V —45% VI-60° VII — 75°

A point-load testing device GCTS PLT-2W is used to
perform uniaxial compression tests on rock samples. This
device provides high accuracy of load and deformation
control during test process, which makes it possible to
obtain reliable data on rock strength and deformation. The
uniaxial compression test results are processed in the
following sequence.
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The uniaxial compressive strength o is calculated using
the Formula:

4P
.\ =——, 5
c(i) D2 ®)
where:
P — the maximum load achieved during sample testing, kN;
D — the sample diameter, cm;
i — the sample number in sample collection.
The average value of the rock uniaxial compressive
strength oc@y is calculated based on the results of testing
all samples:

ZiL10c(i)
Oc(av) = IT !

(6)

where:

n — the number of samples tested.

The confidence interval for the deviation of test results of
individual samples from the average value of Az is deter-
mined by the Formula:

1 2

Ao = i\/mzinzl(ai _O'av) 7

Then the coefficient of variation v of the determined
parameter is calculated:

v=2% 100%.
O av

The above sequence makes it possible to systematically
process and analyze the results of testing the rock samples
for uniaxial compression, which helps to understand their
mechanical behavior and stability under different conditions.

The pattern between the angle of rock occurrence and the
acting load is studied using the mathematical modeling
method, since modeling allows studying geomechanical
processes in a wider range and predicting their development.
The RS2 software product (Geotechnical Finite Element
Analysis) is used in the study. RS2 is software for geotech-
nical finite element analysis developed by Rocscience.

The choice of the RS2 software is substantiated by its ca-
pabilities focused on performing geotechnical analysis using
the finite element method. The RS2 software provides po-
werful tools for modeling complex geological structures and
assessing the stability of mine workings. Its functionality
allows taking into account various parameters, such as mine
working geometry, rock characteristics, hydrogeological
conditions and load dynamics. Thus, the use of the RS2
software provides reliable and accurate modeling of geotech-
nical processes, which makes it an optimal choice for study-
ing the stability of mine workings in the rock stratum.

A 5 m wide arched cross-sectional mine working located
at a depth of 600 m is chosen as the model. To study the in-
fluence of layer occurrence angle on the mine working stabi-
lity, models have been constructed in a homogeneous mass
with rock layer occurrence from 0 to 75°. Values of acting
stresses are taken along a line drawn vertically upwards along
the roof center, as well as along two lines drawn along the
bedding of rock layers and perpendicular to bedding (Fig. 4).

This modeling approach takes into account complex geo-
metrical and geomechanical rock mass parameters, which in
turn contributes to a more accurate analysis of the in-fluence of
the angle of rock layer occurrence on the mine working stability.

©)
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Material

Initial element loading: field stress body force|
Unit weight: 0.025 MN/m3

Elastic type: isotropic

Young's modulus: 3396.15 MPa

Poisson's ratio: 0.3

Failure Criterion: Generalized Hoek-Brown
Material type: Plastic

Dilation Parameter 0

Compressive strength: 65 MPa

mb parameter. 1.90168

s parameter: 0.00216934

a parameter: 0.504342

Residual mb parameter. 1.90168
Residual s parameter: 0.00216934
Residual a parameter: 0.504342

Piezo to use: None

Ru value: 0

Figure 4. Numerical model layout and material
1-3 — numbered measurement points

properties:

In addition, the use of the RS2 software provides reliable
and accurate modeling of geotechnical processes, making it
the optimal choice for studying the stability of mine work-
ings in the rock stratum.

3. Results and discussion

This section presents the results of uniaxial compression
tests on rock samples and their analyses. The results of the
conducted research on mine working stability in stratified
rock mass using the RS2 software and mathematical mode-
ling method are also presented.

Based on the results of loading rock samples, a dependen-
cy graph of the rock layer strength on the inclination angle is
plotted. Figure 5 shows that as the rock layer inclination
angle increases, the sample strength decreases. At an inclina-
tion angle of 30°, a minimum strength is observed. As the
angle is further increased, there is an increase in strength, but
less than in the case of horizontal occurrence of rock layers.

22.0
21.5
21.0
20.5
20.0
19.5
19.0
18.5

18.0
0 20 40 60 80
Rock layer inclination angles, degree
Figure 5. Dependency graph of the rock layer strength on the
inclination angle

Uniaxial compression strength, MPa

100
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In the experiment conducted, the bulk of the rock samples
are destroyed according to axial lines gravitating along the
cylindrical shape. The samples are subjected to uniaxial
compression tests, where axial stresses are applied parallel to
the axes of the samples. It should be noted that with an in-
crease in the rock layer inclination angle, reaching and ex-
ceeding 30°, the phenomenon of deformations along the
bedding planes is observed. This phenomenon is an im-
portant indicator for understanding the rock failure mecha-
nisms under bedding conditions, and its observation is an
important element for a more in-depth analysis of the stabi-
lity of mine workings in the rock stratum.

While continuing to analyze the results of experiments
and laboratory tests, attention should be paid to the data
obtained. Analyzing the data provides a better understanding
of how stratified structure of rocks affects their stability in
conditions of mining operations. Based on these data, we
proceed to review the results of the numerical modeling. The
obtained results of numerical modeling allow us to expand our
understanding of the processes occurring in the rock mass.

The obtained results of numerical modeling show that the
nature of the stress distribution around the mine working
depends on the direction of the layers. Figure 6 shows that at
horizontal occurrence of rock layers, a zone of increased
stress concentration is located not only in the roof, but also in
the sides of the mine working.

For the case of an inclined-stratified rock mass, the stress
zone asymmetry gradually changes as the dip angle increa-
ses. The stress concentration zone changes towards the foot-
wall of the seam, and this is clearly expressed at the inclina-
tion of the layers from 30° and above. It follows that the
influence of rock stratification on the behavior of the rock
mass surrounding the mine working is significant and should
be taken into account.

This occurs due to the peculiarities of the internal struc-
ture of stratified rocks and their mechanical properties. An
increase in the rock layer inclination angle leads to a change
in the direction of acting forces and stress distribution in the
rock mass. When rock layers are inclined at an angle directed
from the horizon, stresses caused by gravity and other exter-
nal factors begin to shift towards the footwall of the seam.
This creates an uneven distribution of stresses around the
mine working and results in a zone of increased stress con-
centration in this direction. Thus, the influence of rock strati-
fication on rock mass behavior becomes more evident with an
increase in rock layer inclination angle, which requires consi-
deration in the planning and operation of mine workings.

To study the influence of inclination angle on the rock
mass behavior, diagrams are constructed showing the stres-
ses along the lines in the rock mass from the measured
points. In the case, when measuring stresses along the line
drawn in the direction of the rock layer strike in the concen-
tration zone, the stress value is 22-24 MPa (Fig. 7). This indi-
cates a high intensity of stresses in this area, which confirms
previously determined tendencies of increased stress concen-
tration with an increase in rock layer inclination angle.

Less stress concentration zones are observed when rocks
occur horizontally and at 15°. This indicates that the change
in the rock layer inclination angle has a significant impact on
the stress distribution in the rock mass, so that with increa-
sing inclination angle, an increase in the stress concentration
intensity in the relevant areas is observed.
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Figure 7. Patterns of stress variation in the mass depending on the
angle of rock layer occurrence along the line drawn
along the bedding (first measurement point)

Stress measurements in the roof show that the highest
stress of 25.5 MPa is achieved at 60°, while the stress distri-
bution is smooth and reaches up to 19 MPa when the rocks
occur at an angle of 5° (Fig. 8). Figure 9 shows the depend-
ence of stress in the rock mass on the angle of rock layer
occurrence. Measurements are conducted along the line
drawn transversely to bedding (third measurement point).
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15 30
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Figure 8. Patterns of stress variation in the mass depending on the
angle of rock layer occurrence along the line drawn
vertically upward along the roof center (second mea-
surement point)
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Figure 9 demonstrates how the stress changes as the rock
layer inclination angle changes, which makes it possible to
assess the influence of this factor on the stability of mine wor-
kings. From the analysis of the graph of stress changes in the
rock mass, it is evident that when rock layers are inclined at an
angle of 75, 15° and at horizontal occurrence, an increased
stress concentration zone is observed, reaching up to 26 MPa.
A particularly high stress of 22 MPa is observed on the mine
working contour at rock layer inclination angle of 30°, which
may pose a threat of failure to the mine working roof.

In general, the analysis of the results shows that the
change in the angle of rock layer occurrence has a significant
impact on the stress distribution around the mine workings.
When the rock layers occur horizontally, weakened zones are
most often located in the roof and sides of the mine working,
which can lead to the occurrence of stresses and defor-
mations in these areas. However, when the layers are in-
clined by 5°, there is an increase in stress concentration in
the roof from the side of the rock footwall, which may lead
to more intense failure processes in this zone.

When the layers occur below 15°, the stress concentration
is most often located along the edges of the mine working
roof, which can also lead to an increased risk of failure in
these areas. The mass behavior around the mine working,
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when the rock layers are inclined at 45 and 60° is similar and
the failure zones are concentrated both in the center and
along the roof edge from the side of the footwall.

A mine working, driven in a mass consisting of rock layers
at 75°, has weak areas throughout the roof, which may re-
quire additional measures to ensure the safety and stability of
the mine workings. Particular attention should be paid to the
case when the rocks occur at an angle of 30°, since signifi-
cant stresses are observed near the mine working roof, which
can lead to an increased risk of failure in this area.

Based on the data obtained from numerical modeling, it is
possible to vary the types of supports and apply them in those
areas where maximum stress concentration zones are observed.
This will optimize the process of ensuring the safety and stabi-
lity of mine workings in conditions of stratified rock masses.

Further research will focus on a better understanding the
relationship between the angles of occurrence of rock layers
and their stability in different geological conditions. In par-
ticular, the research will include analysis of the influence of
parameters such as mine working geometry, hydrogeological
conditions, and anisotropic characteristics of rock layers on
the distribution of stresses and deformations in the rock
mass. In addition, promising research areas may also include
the development of new data analysis and modeling methods
that will enable more accurate prediction of mine working
behavior in stratified rock masses. Such research is essential
to ensure the safety and efficiency of mining operations, as
well as to improve strategies for planning and operation of
mine workings, taking into account their geological structure.

4. Conclusions

Based on the conducted research, the following conclu-
sions can be drawn.

The stratified rock mass structure significantly influences
the stress-strain state around mine workings. The rock layer
inclination angle has a noticeable influence on the character
of stress and deformation distribution in the mass. When
layers occur at 30° or more, there are asymmetrical stress
distribution zones, which must be taken into account when
developing timbering plans.

Experimental and numerical research has confirmed that an
increase in the rock layer inclination angle significantly in-
fluences the stress distribution in the rock mass. For example,
when the inclination of rock layers is 30° and above, there is a
significant increase in stress concentration zones, which can
lead to an increased risk of mine working failure. Specific
numerical values indicate an increase in stresses up to 26 MPa
at a rock inclination angle of 75°, while at an angle of 15° the
stresses are 22-24 MPa on the mine working contour.

Further research in this area should focus on a more in-
depth study of the mechanisms of interaction between strati-
fied rock structure and stability. This will make it possible to
develop more accurate methods for predicting the behavior of
rock masses and optimizing strategies for planning and exploi-
tation of mine workings. Given the importance of this issue for
the safety and efficiency of mining operations, further research
in this area is important for industry and science.

Author contributions

Conceptualization: Al; Data curation: AS, GZ; Formal
analysis: ACA, BI; Funding acquisition: Al; Investigation: Al,
AS, ACA; Methodology: GZ; Project administration: Al; Re-

87

sources: AS, BI; Software: GZ; Supervision: Al; Validation:
Al, ACA; Visualization: GZ; Writing — original draft: Al, AS,
ACA,; Writing — review & editing: Al, GZ, BI. All authors have
read and agreed to the published version of the manuscript.

Funding

The paper was prepared on the basis of scientific research
conducted within the framework of the IRN grant project
No. AP14869856, funded by the Committee of Science of
the Ministry of Science and Higher Education of the Repub-
lic of Kazakhstan.

Acknowledgements

The authors express their gratitude to the anonymous
reviewers and editors for their valuable and constructive
feedback, which has enhanced the quality of this paper.

Conflicts of interests
The authors declare no conflict of interest.

Data availability statement

The original contributions presented in the study are in-
cluded in the article, further inquiries can be directed to the
corresponding author.

References

[1] Atakhanova, Z., & Azhibay, S. (2023). Assessing economic sustaina-
bility of mining in Kazakhstan. Mineral Economics, 36(4), 719-731.
https://doi.org/10.1007/s13563-023-00387-x

Yerimpasheva, A.T., Myrzakhmetova, A.M., & Alshimbayeva, D.U.
(2022). Conjugation of the Eurasian economic union and the belt road
initiative: the role and place of Kazakhstan. R-Economy, 8(2), 172-186.
https://doi.org/10.15826/recon.2022.8.2.014

Kenzhaliyev, O.B., limaliyev, Z.B., Kassymova, G.K., Triyono, B.M.,
Minghat, A.D., & Arpentieva, M.R. (2020). Commercialization of re-
search and development results as the economy growth factor of the
Republic of Kazakhstan. International Journal of Advanced Science
and Technology, 29(7), 18-28.

Ratov, B.T., Fedorov, B.V., Syzdykov, A.K., Zakenov, S.T., & Suda-
kov, A.K. (2021). The main directions of modernization of rock-
destroying tools for drilling solid mineral resources. International Mul-
tidisciplinary Scientific GeoConference: SGEM, 21(1.1), 335-346.
https://doi.org/10.5593/sgem2021/1.1/s03.062

Rysbekov, K.B., Bitimbayev, M.Z., Akhmetkanov, D.K., & Miletenko, N.A.
(2022). Improvement and systematization of principles and process
flows in mineral mining in the Republic of Kazakhstan. Eurasian Mining,
1, 41-45. https://doi.org/10.17580/em.2022.01.08

Tursunova, A., Medeu, A., Alimkulov, S., Saparova, A., & Baspakova, G.
(2022). Water resources of Kazakhstan in conditions of uncertainty.
Journal of Water and Land Development, 54, 138-149.
https://doi.org/10.24425/jwld.2022.141565

Kudryavtsev, S.S., Yemelin, P.V., & Yemelina, N.K. (2018). The
development of a risk management system in the field of industrial
safety in the Republic of Kazakhstan. Safety and Health at Work, 9(1),
30-41. https://doi.org/10.1016/j.shaw.2017.06.003

Khromykh, S.V., Semenova, D.V., Kotler, P.D., Gurova, A.V., Mi-
kheev, E.l., & Perfilova, A.A. (2020). Orogenic volcanism in Eastern
Kazakhstan: Composition, age, and geodynamic position. Geotectonics,
54, 510-528. https://doi.org/10.1134/S0016852120040044

Oliinyk, T., Yefimenko, S., Abdrakhmanova, Z., Kan, A., & Issatayeva, F.
(2020). Online ore monitoring using EDXRF method on process conveyor
belts at Kazakhmys Corporation LLC operations. E3S Web of Con-
ferences, 166, 02010. https://doi.org/10.1051/e3sconf/202016602010
Abdullayeva, A., Kalabayeva, A., lvanov, A., Abdullayev, S., & Bakyt, G.
(2022). Methods for identification of complex industrial control objects
on their accelerating characteristics. Communications, 24(3), 239-246.
https://doi.org/10.26552/com.C.2022.3.B239-B246

Dychkovskyi, R., Tabachenko, M., Zhadiaieva, K., & Cabana, E. (2019).
Some aspects of modern vision for geoenergy usage. E3S Web of Con-
ferences, 123, 01010. https://doi.org/10.1051/e3sconf/201912301010

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]



https://doi.org/10.1007/s13563-023-00387-x
https://doi.org/10.15826/recon.2022.8.2.014
https://doi.org/10.5593/sgem2021/1.1/s03.062
https://doi.org/10.17580/em.2022.01.08
https://doi.org/10.24425/jwld.2022.141565
https://doi.org/10.1016/j.shaw.2017.06.003
https://doi.org/10.1134/S0016852120040044
https://doi.org/10.1051/e3sconf/202016602010
https://doi.org/10.26552/com.C.2022.3.B239-B246
https://doi.org/10.1051/e3sconf/201912301010

A. Imashev, A. Suimbayeva, G. Zhunusbekova, A.C. Adoko, B. Issakov. (2024). Mining of Mineral Deposits, 18(1), 82-88

[12] Do, N.A., Dias, D., Tran, T.T., Dao, V.D., & Nguyen, P.N. (2019). Trudy Universytetaa, 3, 159-165. https://doi.org/10.52209/1609-
Behavior of noncircular tunnels excavated in stratified rock masses — Case 1825_2022_3 159
of underground coal mines. Journal of Rock Mechanics and Geotechnical [24] Duveau, G., & Shao, J. F. (1998). A modified single plane of weakness
Engineering, 11(1), 99-110. https://doi.org/10.1016/j.jrmge.2018.05.005 theory for the failure of highly stratified rocks. International Journal of
[13] Shi, X., Yang, X., Meng, Y., & Li, G. (2016). An anisotropic strength Rock  Mechanics and Mining Sciences, 35(6), 807-813.
model for layered rocks considering planes of weakness. Rock Mechanics https://doi.org/10.1016/S0148-9062(98)00013-8
and Rock Engineering, 49, 3783-3792. https://doi.org/10.1007/s00603- [25] Donzé, F.V., & Scholtés, L. (2017). Predicting the strength of aniso-
016-0985-1 tropic shale rock: Empirical nonlinear failure criterion vs. discrete ele-
[14] Tazhibaev, D.K., & Tazhibaev, K.T. (2014). Vliyanie anizotropnosti ment method model. ALERT Doctoral School 2017: Discrete Element
gornykh porod na ustoychivost obnazheniy gornykh vyrabotok. Mos- Modeling, 167-180.
kva, Rossiya: Izdatelskiy tsentr “Teknik”, 124 s. [26] Liu, Q., Hu, Q., Zhang, F., Ding, Z., & Bao, W. (2022). Application of
[15] Tsoy, P.A., Usoltseva, O.M., & Semenov, V.N. (2018). Opredelenie the slope coefficient of the equivalent m-c criterion in layered rock
mnozhestvennykh regressionnykh zavisimostey predela prochnosti na mass engineering. Advances in Civil Engineering, 2022, 2913942.
szhatie i modulya deformatsii slantsevykh porod ot velichiny bokovogo https://doi.org/10.1155/2022/2913942
davleniya i ugla naplastovaniya. Interekspo Geo-Sibir, 6, 247-256. [27] Wang, J., Wu, S., Cheng, H., Sun, J., Wang, X., & Shen, Y. (2024). A
[16] Karev, V.1., Klimov, D.M., Kovalenko, Yu.F., & Ustinov, K.B. (2016). generalized nonlinear three-dimensional Hoek-Brown failure criterion.
Model razrusheniya anizotropnykh gornykh porod pri slozhnom nagru- Journal of Rock Mechanics and Geotechnical Engineering. In Press,
zhenii. Fizicheskaya Mezomekhanika, 19(6), 34-40. Journal Pre-proof. https://doi.org/10.1016/j.jrmge.2023.10.022
[17] Zhao, D., Xia, Y., Zhang, C., Liu, N., Tang, C.A., Singh, H.K., & Wang, P. [28] Li, G.X., Wang, H.L., Peng, J., Wang, L.F., & Dai, B.B. (2024). Strength
(2023). A new method to investigate the size effect and anisotropy of model of anisotropic rocks based on Hoek-Brown criterion. Rock and
mechanical properties of columnar jointed rock mass. Rock Mechanics Soil Mechanics, 44(12), 5. https://doi.org/10.16285/j.rsm.2023.5538
and Rock Engineering, 56(4), 2829-2859. https://doi.org/10.1007/s00603- [29] Nurpeisova, M., Bekbassarov, Z., Kenesbayeva, A., Kartbayeva, K., &
022-03200-3 Gabitova, U. (2020). Complex evaluation of geodynamic safety in the de-
[18] Moldagozhina, M.K., Krupnik, L., Koptileuovich, Y.K., Mukhtar, E., velopment of hydrocarbon reserves deposits. News of the National Academy
& Roza, A. (2016). The system is “roof bolting-mountain”. Interna- of Sciences of the Republic of Kazakhstan-Series of Geology and Tech-
tional Journal of Applied Engineering Research, 11(21), 10454-10457. nical Sciences, 1, 90-98. https://doi.org/10.32014/2020.2518-170X.11
[19] Dychkovskyi, R., Falshtynskyi, V., Ruskykh, V., Cabana, E., & [30] Hoek, E., & Brown, E.T. (2019). The Hoek-Brown failure criterion and
Kosobokov, O. (2018). A modern vision of simulation modelling in GSI-2018 edition. Journal of Rock Mechanics and Geotechnical Engi-
mining and near mining activity. E3S Web of Conferences, 60, 00014. neering, 11(3), 445-463. https://doi.org/10.1016/j.jrmge.2018.08.001
https://doi.org/10.1051/e3sconf/20186000014 [31] zhang, J., Zhang, L., Wang, W., Zhang, D., & Zhang, B. (2020).
[20] Tian, M., Han, L., Yang, X., Feng, Q., Meng, Q., Xie, Y., & Ma, C. Probabilistic analysis of three-dimensional tunnel face stability in soft
(2022). Asymmetric deformation failure mechanism and support tech- rock masses using Hoek-Brown failure criterion. International Jour-
nology of roadways under non-uniform pressure from a mining dis- nal for Numerical and Analytical Methods in Geomechanics, 44(11),
turbance. Bulletin of Engineering Geology and the Environment, 81(5), 1601-1616. https://doi.org/10.1002/nag.3085
211. https://doi.org/10.1007/s10064-022-02710-2 [32] Sonmez, H., & Ulusay, R. (1999). Modifications to the geological
[21] Hu, S, Tan, Y., Zhou, H., Ru, W., Ning, J., Wang, J., & Li, Z. (2020). strength index (GSI) and their applicability to stability of slopes. Inter-
Anisotropic modeling of layered rocks incorporating planes of weak- national Journal of Rock Mechanics and Mining Sciences, 36(6), 743-
ness and volumetric stress. Energy Science & Engineering, 8(3), 760. https://doi.org/10.1016/S0148-9062(99)00043-1
789-803. https://doi.org/10.1002/ese3.551 [33] Hussian, S., Mohammad, N., Ur Rehman, Z., Khan, N.M., Shahzada, K.,
[22] Zhang, L., Niu, F., Liu, M., Ju, X., Wang, Z., Wang, J., & Dong, T. Ali, S., & Sherin, S. (2020). Review of the geological strength index
(2022). Fracture characteristics and anisotropic strength criterion of (GSI) as an empirical classification and rock mass property estimation
bedded sandstone. Frontiers in Earth Science, 10, 879332. tool: origination, modifications, applications, and limitations. Advances
https://doi.org/10.3389/feart.2022.879332 in Civil Engineering, 2020, 1-18. https://doi.org/10.1155/2020/6471837
[23] Zhunusbekova G., Suimbayeva A., Imashev A., Kazakov A., & Asan S. [34] Bertuzzi, R., Douglas, K., & Mostyn, G. (2016). Comparison of quanti-
(2022). Analyzing strength criteria for assessing mine working stability. fied and chart GSI for four rock masses. Engineering Geology, 202,

24-35. https://doi.org/10.1016/j.engge0.2016.01.002

Ouinka crilikocTi BUP00OK, NPOliAeHUX Y NIAPOBOMY MAaCHBI ripcbKUX MOpin
A. Imames, A. Cyim0aesa, I'. XKynycbekosa, A.K. Anoko, b. Icakos

Mera. OmiHka CTifIKOCTI BHPOOOK, MPOHIECHUX Yy MIapyBaTOMY MAacHBI TipCHKMX MOPiA HIISIXOM JOCTIKEHHS BIUIMBY KyTa HAIruIacTy-
BaHHs OIapyBaTHX IMOPiJ Ha HANpPy>keHO-1e(OPMOBAHUH CTaH TiPCHKOTO MacCHBY.

Metoauka. Y poOOTi BAKOPUCTOBYBAIUCS SIK €KCIIEPUMEHTAITBHI, TaK 1 YUCETbHI METOIU TOCITIKEHHS. EKCriepuMeHTalIbHI TOCTiKEH-
HsI TPOBOJIMIINCS HA 3pa3KaX TipChKHX MOPIJ 3 PI3HUMHU KyTaMU 3aJsITaHHs IIapiB, TOMI SK YHCEIbHE MOJICTIOBaHHS 0YyJI0 BUKOHAHO 13 BUKO-
pucTaHHAM nporpamHoro 3ade3nedenHs RS2 (Geotechnical Finite Element Analysis), mo rpyHTyeTbcsl Ha y3arajJbHEHOMY KpHUTepil pyHHY-
BaHHs Xoeka-bpayHa. JIocimikeHHsT TPOBOIUIMCS HAa MOJENSX, IO OXOIUTIOIOTh MPUKOHTYPHY YAaCTHHY TiPHUYUX BHUPOOOK, MPOHICHUX Y
MacHBi 3 KyTaMU 3aJisiraHHs nopif Big 0 mo 75°.

Pe3yabTaTtn. ExciepuMeHTanbHI Ta YHCENBHI OCTIPKEHHS MOKa3ald, 0 NPHU 3MiHI KyTa HaXWiy IIapiB MOpiJ BiIOYBarOThCS 3HAYHI
3MiHH y 30HaX KOHIIEHTpAIil HaNpy>KeHb HABKOJO TiPHHYUX BUPOOOK. 3OLTBIICHHS KyTa HAXWITy IMIapiB MOPIA CYHPOBOIKYETHCS 3MIHOIO
PO3IOALTY HaNPy>KEeHB, IO Ma€ BaXKIMBE 3HAUCHH JUIS OIIHKH CTIHKOCTI TipHNYUX BEPOOOK. OCOOIMBO BHPaXXEHHH BIUINB CIIOCTEPIra€ThCS
NpH KyTax 3ajsaranHs nopia Bix 30° Ta Buiie.

HaykoBa HOBHM3HA MOJISITa€ y BUSIBJICHHI 3aKOHOMIPHOCTEH MPHU PO3MO/IiJI HANPY)KEHb Y IIAPyBaTUX MAcHUBaX TiPCHKUX MOPIi 3aJISKHO Bif
KyTa HaxXuJjIy IapiB. Pe3ynbrati 10CIiKeHb HaAaloTh HOBI IaHi 1II0JI0 MEXaHi3MiB B3a€MO/Iii MPCHKHUX MOPiJ y CKJIaJHUX Te0JOTiYHNX YMOBaX.

ITpakTHyHa 3HaYHMicThb. OTpUMaHi pe3yIbTaTH MOXKYTh OyTH BUKOPHCTaHi MPH MPOEKTYBaHHI Ta €KCILIyaralii NipHHYUX BUPOOOK y
CKIIaJIHUX TCOJIOTIYHUX yMOBax. BpaxyBaHHs 3MiH y 30HaX HalpyXeHb, 0OYMOBJICHHX KyTOM HaXHIy IIapiB MOPif, ZOMOMOKE MiJABHIIATH
Oe3rmeky Ta e)eKTHBHICTh TIpPHHYHX POOIT.

Kntouosi cnosa: 2ipcoki supobxu, wapysamuii Macus, nopoou, CIItIKiCnb, HANPYHCEHHS, YUCETbHE MOOETHOBAHHS
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