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Stress-strain state research
of rock mass during open-pit mining of minerals

@ Abstract. Sustaining the stability and load-bearing capacity of open-pit mine slopes is a critical and complex
condition for the transition to open-pit-to-underground mining methods. For this reason, the research in this study
aimed to provide a geomechanical justification for the stability of the technological elements of the open-pit-
to-underground mining complex. This justification, conducted using a developed model, aimed to determine the
influence on the formation of the rock mass’s stress-strain state, exemplified by the quarries of the Kryvyi Rih mining
and processing plants. In this work, mathematical and numerical methods were applied to predict the influence of
the open pit on subsequent underground extraction, including the finite element method, as well as statistical and
factor analysis. Additionally, to investigate the stress-strain state of the rock mass surrounding the depleted open
pit, the software “Ansys, Inc. Products 2019 R3” was used. It was established that the magnitude of the maximum
vertical displacements of the pit slope increases from 13-14 mm on the upper benches at depths of 30-45 m from
the ground surface to 60-63 mm on the lower benches at depths of 270-300 m at the bottom of the depleted pit.
The dependence of the magnitude of the maximum vertical displacements of the pit slope elements on the depth
of excavation is described by a logarithmic function. It was also established that the stress magnitude ranges from
0.7-1.2 MPa at the pit bottom to 4.6-4.9 MPa beneath the pit floor at the depth of the future underground stopes.
The dependence of the magnitude of the maximum stresses in the rock mass beneath the pit floor on depth is
described by an exponential function. The calculations made it possible to obtain quantitative data on the change
in the stress state of the rock mass depending on depth. The practical significance of the work lies in using these
indicators to ensure a safe and effective transition to underground mining technology

® Keywords: open-pit mine; geomechanical justification; integrated mining; dependence; modelling

8 Introduction
Safe and efficient transition from open-pit to open-pit-  in open-pit mines where underground operations are
to-underground and purely underground mining tech-  conducted beneath them. The most complex and dif-
nology depends on geomechanical processes within  ficult-to-predict phenomena are deformations of the
the rock mass. An understanding of these processes is  open-pit fields, which are worked using the open-pit-to-
crucial for ensuring accident-free mineral extraction underground method. The presence of open-pit slopes
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influences the propagation of deformations from un-
derground operations and leads to the development of
specific failure mechanisms.

M. Kimour et al. (2023) indicated that the occur-
rence of ground surface displacements and deforma-
tions during underground mining differs significantly,
even within a single deposit. This is particularly notice-
able at mines extracting the upper horizons of steeply
dipping ore bodies. The behaviour of the rock mass is
non-linear and time-dependent, which, when combined
with natural factors such as fracturing, rock inhomoge-
neity, and others, introduces elements of randomness
into deformation prediction. The nature of ground sur-
face deformations during ore body extraction depends
on the dimensions of the worked-out space, specifically
its extent and depth. If the dimensions of the extrac-
tion beneath the open-pit floor are sub-critical relative
to the depth of the ore body, the overlying barren rock
forms a stress arch, which redistributes the load to the
undisturbed rock mass. In this scenario, deformations
do not reach the ground surface or the pit surface at
all, causing only minor, localised displacements. When
the dimensions of the worked-out area, particularly the
strike length or total length, reach super-critical values
relative to depth, the overlying rock mass no longer cre-
ates a stable arch; it collapses, and deformations propa-
gate to the ground or pit surface. According to research
by O. Ivasivka et al. (2023), this leads to the formation of
a subsidence basin, gradual ground subsidence, surface
collapses, or slope and bench failures of the open pit.

M.N.Bagde (2021) noted that the ratio of critical di-
mensions to depth depends on multiple factors. These
include the physico-mechanical properties of the rocks,
their fracturing, the dip angle of the ore body, and the
selected mining method. An example of such a method
is the use of cemented backfill to fill the worked-out
space. Subsequently, in the hanging wall, zones of col-
lapse or funnel formation, terraces, followed by cracks,
and finally gradual subsidence are formed. This se-
quence reflects the progressive dampening and change
in the nature of deformations as one moves away from
the epicentre of the underground extraction influ-
ence towards the hanging wall. This is a result of the
hanging wall being prone to more active displacement
and subsidence towards the worked-out space due to
gravity and mining-induced stresses. Thus, the mech-
anism described by O. Kulikovska et al. (2024) leads to
the deformation and failure of the hanging wall, from
the most intense manifestations near the underground
stoping area to more gradual ones at the periphery of
the zone of influence. With further extraction, the zone
of gradual subsidence moves into the hanging wall of
the ore body. In its place, cracks and terraces appear,

and collapses in the form of funnels are formed on the
ground surface. The former funnels merge into several
groups, creating larger collapses that extend towards
the hanging wall of the rock mass.

Determination of stable slope angles for the open-
pit-to-underground mining level is performed by a cal-
culation method. For instance, to determine the limit
stability of slopes during the transition from open-pit
to open-pit-to-underground mining, Y. Shen et al. (2024)
propose a methodology based on using a rock mass
displacement indicator. In this methodology, the dis-
placement indicator is used as a criterion because ex-
cessive displacements or their rate of development are
a direct indication that the rock mass is losing its in-
tegrity, significant deformations are occurring, and it is
approaching a state of failure or is beyond the limits of
acceptable deformation for the safe preservation of the
pit slope. An algorithm also exists for determining the
Llimit stability of slopes during the transition from open-
pit to open-pit-to-underground mining, according to
the methodologies concerning the Hannivske quartzite
deposit in Kryvbas. According to this methodology, the
calculation of stable slope angles is carried out with
a safety factor of 1.3. This value is a design criterion
for stability, considered sufficient to ensure the safety
and reliability of the slopes under the conditions of the
Hannivske deposit. As noted by N. Zuievska et al. (2023),
this takes into account the properties of the quartzites,
depth, hydrogeology, etc. The development of ground
surface displacements with physical destruction and
collapse during the transition from open-pit to open-
pit-to-underground mining is dangerous and requires
the implementation of safe transitional technologies.
Such technologies prevent the development of any dis-
turbances to the pit slopes during the transition to inte-
grated mining of minerals within the existing open-pit
area. Therefore, ensuring the stability and load-bearing
capacity of pit slopes are important conditions for min-
ing deposits using the open-pit-to-underground method.

The aim of the work was to study the stress-strain
state of the rock mass to justify its load-bearing capac-
ity and the stability of the pit slopes and underground
workings during their combined extraction. For this
purpose, using a developed model, the influence of
open-pit mining on the stress-strain state of the rock
mass during the transition to underground operations
was determined.

® Materials and Methods
Mathematical modelling was used as a tool for find-
ing optimal solutions. Its essence lies in the iterative
or analytical modification of input parameters. At each
stage, the influence of these changes on associated
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technological characteristics was assessed to ultimate-
ly find the extreme maximum or minimum value of
the objective function. Regarding the specific task of
mathematical modelling, a phased change in parame-
ters was carried out. These parameters characterise the
direction of development of the open-pit and open-pit-
to-underground mining operations, the change in the
structure of comprehensive mechanisation at the quar-
ry,and their influence on the intensity of ore production
(the production capacity of the open-pit and open-pit-
to-underground operations) in the combination zone.
The developed mathematical model represents a set of
numerical parameters that describe the geological and
technological features of both the open pit and the mine
field. This model links these parameters with one anoth-
er,and its main goal is to maximise mineral extraction.

The research was conducted using the quarries of
the Kryvyi Rih mining and processing plants as an ex-
ample. The selection of these quarries was relevant, as
it is here that the problems of deep open pits during
the transition to underground mining, complex mining
and geological conditions (strong but fractured quartz-
ites), and the presence of large volumes of worked-out
spaces make the issues of ensuring the stability and
load-bearing capacity of the pit slopes urgent and com-
plex. A model was presented for the research that cor-
responded to the average statistical dimensions of the
Kryvbas quarries (Razumova et al.,, 2021). The model
was based on averaged data from the Kryvyi Rih mining
and processing plants, such as Nothern, Inhulets, and
Central. It also corresponded to the optimal dimensions
of open pits in developed mining countries that have
transitioned from open-pit to underground or integrat-
ed methods of mineral deposit extraction.

Initial geometric data for the open-pit model in-
cluded a final depth of 300 m. The average height and
width of the bench were 15 m. The total width of the
open pit at the top, at ground level, was approximately
2,000 m, while its bottom width, corresponding to the
thickness of the ore body, averaged 80 m. Mathematical
methods were used in the work to create models that
predicted how open-pit mining influenced subsequent
underground mining. Specifically, numerical modelling
methods and finite element analysis were used. To in-
crease the accuracy of the modelling, the physico-me-
chanical properties of heterogeneous rocks and the
technological features of the stoping operations were
taken into account. The data obtained from the mod-
el were analysed using statistical and factor analysis
methods, which allowed for the assessment and mini-
misation of risks.

To investigate the stress-strain state of the rock
mass surrounding the depleted open pit, the software

“Ansys, Inc. Products 2019 R3” was applied. This power-
ful tool, which is based on the finite element method,
made it possible to model the behaviour of the rock
mass under the load of the overlying barren rock. To
investigate the stress-strain state of the rock mass sur-
rounding the open pit using the “Ansys, Inc. Products
2019 R3” software, the following stages had to be
performed. First of all, a three-dimensional geometric
model had to be created. The model included the open
pit and the adjacent rock mass. After the model was
created, it had to be divided into smaller elements, spe-
cifically, meshed. The process of building a mesh for the
deposit model consisted of discretisation; that is, the
complex three-dimensional volume of the rock mass,
the ore body, and the rocks in the pit slopes was divided
into a large number of small finite elements.

During the modelling of the rock mass deposit be-
tween the existing and the designed open-pit mine, the
model’s mesh division was a key element for conducting
a numerical analysis of the stress-strain state. Effective
modelling required a substantiated choice of mesh ele-
ment type,which corresponded to the physics and geom-
etry of the problem, as well as the selection of element
size, which ensured the necessary accuracy, especially
in critical zones, with acceptable computational power.
As part of the modelling methodology, mesh densifica-
tion was applied in critical areas. This allowed for more
detailed results in locations of greatest interest, such
as in the corners formed at the bottom of the open-pit.

Unstructured meshing has been an indispensable
tool for modelling complex geology, with its quality
and accuracy achieved through appropriate refinement
in specific zones and the use of higher-order elements.
While it was necessary to refine the mesh in areas of
concentration, it was critically important to ensure a
smooth transition from a fine mesh to a coarser one
at a certain distance from the concentrator itself. The
software suite “Ansys, Inc. Products 2019 R3” had spe-
cial tools and settings to control the rate of change in
element size between adjacent regions, for instance,
the element size growth rate. According to research by
M. Tomova & A.Kisyov (2024), adherence to the rule of
a smooth mesh transition is one of the factors that en-
sures its high quality and, consequently, the reliability
of the stress and strain field modelling results.

If the mesh size was significantly reduced, for ex-
ample, to 2 m, the process of meshing the model and
the calculation itself took an excessive amount of time
on a personal computer with 16.0 GB of RAM. For effi-
cient modelling, a minimum of 32 GB of RAM or more
is recommended. The quality of the mesh directly af-
fected the accuracy of the results. Next, it was neces-
sary to define material properties, loads, and boundary
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conditions. For the research, average mining condi-
tions were adopted, with corresponding geo-min-
ing and technical parameters for integrated open-
pit-to-underground mining. Specifically, magnetitic
quartzites are characterised by a high Young’s modu-
lus value (35,000 MPa) and a significant bulk density
(3,400 kg/m>). Their compressive strength (120 MPa)
significantly exceeds their tensile strength (12 MPa),
and the Poisson’s ratio is 0.25.

Based on L.Jiangnan & X. Kuangdi (2023), for the
calculation of the rock mass stress-strain state, var-
iants of the classic open-pit-to-underground mining
scheme for magnetitic quartzites were adopted, rep-
resenting average conditions for the transition from
open-pit to underground mining. After configuring all
parameters, the calculation was initiated. The calcula-
tion program solved the system of equations to deter-
mine the distribution of stresses and strains through-
out the entire rock mass. Typically, this analysis was
conducted in stages, simulating the sequence of rock
extraction. A three-dimensional model covering 60 m
along the Z-axis was chosen for the simulation to
most accurately reproduce the interaction conditions
of the open-pit and underground complexes. Although
the model was three-dimensional, two-dimensional
cross-sections were used for analysing and visual-
ising key patterns of the stress-strain state. This made
it possible to present the main research results more
clearly, without excessive detail.

Elements along the bottom and side boundaries of
the model were fully fixed to prevent their movement.
Gravitational loading and the pressure from the rock
mass were taken into account in the model. These loads
were applied to all elements to simulate realistic physi-
cal conditions. The calculation results were provided in
the form of visualised maps of stress, deformation, and
safety factor distributions. By analysing this data, it was
possible to identify the most hazardous zones where
the probability of failure is highest. The relationship
between the maximum magnitude of vertical displace-
ments and the depth of pit excavation was established
by means of regression analysis, performed on the basis
of the obtained modelling data.

® Results
The application of mathematical methods is the most
widespread. The availability of personal computers al-
lows for the modelling and calculation of a large num-
ber of variant models in a relatively short period (Meh-
nert et al., 2022). Based on a numerical analysis of the
model, performed using the finite element method, it
was established that any medium in which the natural
balance has been altered strives to gradually restore

it, transitioning to a new stable state. According to re-
search by M. Karlsmo et al. (2024), this process is deter-
mined by Le Chatelier-Braun’s principle. The time during
which the medium returns to a new stable state is re-
ferred to as the relaxation period of the disturbed rock
mass. Typically, at the bottom of an open-pit mine, the
occurrence of deformations, subsidence, and cracks can
be observed, and with significant extraction scales at a
shallow distance to the bottom, even localised collaps-
es or cave-ins directly within the bottom contours. The
pit bottom is a free surface, making it sensitive to addi-
tional stresses and deformations (Kalinichenko, 2020).

Changes in the stress state were expected on the
pit's contours and slopes, leading to a reduction in their
stability. The underground workings activated existing
tectonic disturbances (faults, cracks) within the slopes
and initiated the development of new failure mecha-
nisms (displacements of individual blocks, bench col-
lapses, general slope failures), particularly in the hang-
ing wall where mass movement was more intense. As
shown in Figure 1, the entire hanging wall slope of the
pit is failing under the influence of underground min-
ing. It is in this zone that terraces, cracks, and zones of
gradual subsidence are apparent. These are the visible
signs of the influence of underground operations on
the pit slope’s surface.

Figure 1. Plan of rock mass caving and displacement zones
in the hanging wall and footwall above the worked-out
space of a deposit mined using an integrated method
Notes: 1, 2 - accordingly, zone of ground collapse and ground
subsidence above the worked-out underground space; 3 - contour
of the deposit being mined by open-pit method; 4 — worked-out
part of the deposit by underground method; 5 - part of the deposit
subject to underground mining only; 6 — contour of the open pit in
the form of benches; H, - final depth of the open pit; o - dip angle
of the deposit; hH - thickness of the overburden

Source: developed by the author
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The zone of subsidence in the hanging wall extends
beyond the pit contours, forming a subsidence basin on
the ground surface with characteristic settlements and
cracks, the scale of which depends on the dimensions of
the excavation at depth and the distance to the surface.
As underground mining operations deepen, the zones of
collapse and subsidence move completely beyond the
pit contours, leading to its physical destruction and col-
lapse. Figure 1 illustrates the scale of the rock collapse
and subsidence zones in the hanging wall and footwall
of the deposit during combined open-pit-to-under-
ground mining. Accordingly, the degree of their influ-
ence on the pit and the ground surface can be observed,
which depends on a multitude of factors: the depth, di-
mensions, and shape of the stope, the physico-mechan-
ical properties of the rocks, the presence and effective-
ness of backfilling the worked-out space, as well as the
sequence of block excavation (lvadilinova et al., 2023).

Even in more complex numerical methods, such as
the finite element method in “Ansys, Inc. Products 2019
R3” where the stress-strain state was analysed and ma-
terial strength criteria were applied at each point, the
final stability assessment was also based on comparing
the acting stresses (especially shear stresses) with the
shear strength of the rocks at various points in the rock
mass. The safety factor was calculated, or a stability
analysis was performed by progressively reducing the
rock strength parameters until a state of failure was
reached, which was also essentially a determination
of the safety factor. During the transition from open-
pit to open-pit-to-underground mining operations, the
necessity to consider the potential influence of under-
ground mining was added to determine the magnitude
of possible deformations of the pit slopes and surface.
Induced deformations and altered stresses were super-
imposed on and interacted with the pre-existing stress-
strain state caused by open-pit excavation, namely the
open pit itself. This was not simply a linear sum of in-
fluences but a complex non-Llinear interaction that in-
tensified negative phenomena.

Based on the properties of the magnetite quartz-
ites, the geometry of the underground stopes was mod-
elled with a stope inclination angle of 45 degrees and
a bench height of 90 m. Figure 2 presents the overall
initial calculation scheme for the option with mineral
extraction conducted exclusively by the classical open-
pit method. The figure is a visualisation of the finite
element mesh used to model the stress-strain state of
the rock mass around the open pit. The image demon-
strates how the model space, which included the open
pit and the adjacent rock mass, was divided into small
elements (a mesh). This is a key stage of preparation for
numerical calculations.

Figure 2. Initial calculation model
for the classical open-pit mining of minerals
Source: developed by the author

Such a calculation scheme was applied to research
different types of mineral deposits. For this purpose, the
corresponding physico-mechanical properties of the
minerals and host rocks were used in the calculations.
Figure 3 presented the deformation magnitudes on the
contour of the worked-out open pit depending on the
depth of the working horizon, and in the undisturbed
rock mass on the calculated contours of the future
stopes during the transition to a combined open-pit-to-
underground mining technology. The figure visualised
the distribution of deformations (isolines) in the rock
mass after the pit had been mined.This is a direct result
of modelling and analysing the stress-strain state. The
coloured lines in the figure were deformation isolines.
They show how the intensity of deformations changed at
different depths and locations within the rock mass.The
figure clearly shows that the largest changes in defor-
mation occurred specifically in the zone of the upper
pit slopes and at its bottom. These areas were the most
critical in terms of potential deformations and failures.

Figure 3. Results of calculations of rock mass deformation
during open-pit mining of minerals
Notes: 1 - open pit contour; 2 - ore body; 3 - contours of the
future first and second stage stopes, respectively
Source: developed by the author
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The results of calculations for the magnitude of
maximum vertical displacements in the rock mass
showed that the maximum vertical displacements of
the pit slope’s benches increased with increasing pit
depth, from 13-14 mm on the upper benches at depths
of 30-45 m from the ground surface to 60-63 mm on the
lower benches at depths of 270-300 m at the bottom of
the depleted pit. The results of the studies, presented in
figures, were key to understanding the baseline stress-
strain state of the open-pit area before or without the
influence of underground mining. They allowed for the
identification of red isolines in the upper parts of the
slopes and at the pit bottom, which corresponded to
larger deformation values. In these same areas, it was
also visually confirmed that the rock mass was expe-
riencing the greatest compression or tension, which
were the zones of deformation concentration. Addition-
ally, the figure enabled a clear assessment of how the
pit influenced the entire volume of the rock mass, not
just its immediate sections.

Such figures provided a clear understanding of the
rock mass’s reaction to open-pit excavation and served
as a starting point for further analysis during the tran-
sition to the open-pit-to-underground method, as the
influence of underground mining was superimposed on
this baseline stress-strain state. The dependence of the
magnitude of the maximum vertical displacements of
the pit slope elements (benches) on the depth of the
examined area from the ground surface is presented in
Figure 4. This figure demonstrates the dependence of
the maximum vertical displacements of the pit slope
on the depth of its excavation.

80

2
S

975In(H) 456.789
R*=0.923¢4

40 ~

D
(=]

\

Deformations, mm
W
(c=]

10

0 50 100 150 200
Depth from ground surface, m

250 300

Figure 4. Dependence of the magnitude
of maximum vertical displacements of pit slope elements
on the depth of excavation
Source: developed by the author

The graph shows that as the excavation depth in-
creases, so does the magnitude of vertical displace-
ments on the pit slope. However, this increase is not lin-
ear; it follows a logarithmic pattern, which is confirmed

by the regression equation on the graph. This indicates
that the largest deformations occur during the initial
stages of deepening, while at significant depths, the
rate of deformation increase slows down. This logarith-
mic relationship is typical for mining operations and is
explained by Le Chatelier-Braun’s principle. According
to this principle, disturbances are significant at initial
depths, and the rock mass reacts sharply, causing a rap-
id increase in deformations. The data analysis carried
out made it possible to establish a relationship with a
high coefficient of determination, which is described by
the following logarithmic equation:

£=22.075 In(H) - 56.789;
R2=0.9234, Q)

where ¢ - magnitude of the maximum vertical displace-
ments of the pit slope, in mm; H - depth of the horizon
(bench) from the ground surface, in m; R - magnitude
of the coefficient of determination.

Figure 5 presents the results of calculations for
stress magnitude in the rock mass during mineral ex-
traction exclusively by open-pit mining. The location of
the isolines with cold colours (blue) at the pit bottom
and near its slopes indicates a low magnitude of stress-
es in these specific areas. The figure visually illustrates
how the gravitational load was redistributed from the
pit slopes to the internal sections of the rock mass. An
analysis of the stress distribution at depth also allowed
the influence of the open pit on future underground
stopes, which were planned for extraction beneath its
floor, to be assessed.

Figure 5. Results of stress magnitude calculations
in the rock mass during open-pit mining of minerals
Source: developed by the author

Based on the research conducted, the magnitude
of stresses in the rock mass beneath the open-pit floor
increases from the ground surface at the bottom of
the pit into the depth of the rock mass. In a natural,

Mining Journal of Kryvyi Rih National University. 2025. \ol.59, No. 2

15



16

Stress-strain state research...

undisturbed rock mass, geostatic vertical stresses from
the self-weight of the overlying rocks increase with
depth. When the pit was created, a significant volume
of rock was excavated. This led to a redistribution of the
natural stress field. Directly on the pit floor and in the
near-surface part beneath it, stresses are significantly
reduced (unloaded) compared to the initial geostatic
stresses, as the overlying rock mass has been removed.
However, deeper into the rock mass from the pit floor,
the influence of the unloading zone diminishes. Stress-
es gradually begin to recover and approach the values
of natural geostatic stresses. Thus, at a certain depth
beneath the pit floor, stresses become greater again
and continue to increase with the depth of the deposit.
The magnitude of stresses ranged from 0.7-1.2 MPa at
the pit floor to 4.6-4.9 MPa beneath the pit floor at the
depth of the future underground stopes for the second
stage of mining. Figure 6 presents the dependence of
the magnitude of stresses in the rock mass beneath the
pit floor at the depth of the future underground stopes
for the first and second stages of mining.

6
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Figure 6. Dependence of the maximum stresses
in the rock mass beneath the pit floor on the depth
of the future underground stopes
Source: developed by the author

The graph shows a key finding of the modelling:
stresses increase with depth, but this increase is not
linear. Stresses grow following an exponential law,
which is confirmed by the equation obtained from the
regression analysis. This indicates that the influence of
stresses becomes increasingly pronounced as depth in-
creases. This relationship allows for the prediction of
the rock mass’s stress state at various depths. This is
critical for planning underground stopes and selecting
an appropriate mining technology to ensure safe op-
erations. The relationship identified by the research is
described by the exponential function of the form:

o, =1.0778e0008n;
R?=0.9663, )

where ¢, — magnitude of the maximum stresses in the
rock mass, MPa; h - depth of the future underground
stopes from the pit floor, m; R - magnitude of the coef-
ficient of determination.

The obtained dependence is confirmed by studies
conducted for similar conditions, for example, in the
work of H. Luo et al. (2024). The reliability of the re-
sults is confirmed by the fact that the error margin does
not exceed 12-15%, which is an acceptable value for
geomechanical research. The obtained results make it
possible to visualise the distribution of stresses, stress
concentration zones, and deformations in the rock mass.
This allows for the analysis of the influence of various
mining technologies on rock mass stability, leading to
the selection of the most effective solutions. Therefore,
the calculations make it possible to obtain quantitative
data on the change in the stress state depending on
depth. This underscores the critical importance of these
indicators for ensuring a safe and effective transition to
underground mining technology.

@ Discussion
M. Zhe & M. Zhuoqgian (2024) conducted analytical and
field studies on the stability of rock slopes along a high-
speed motorway that were prone to landslides. The
authors used “Rocscience” software to evaluate these
slopes. The results of the numerical modelling were in
full agreement with the field observations, confirming
the high risk of slope failure, especially during rainfall
and earthquakes. The paper made an important contri-
bution to mining geomechanics as it confirmed that the
geometric parameters of slopes and external factors
(water saturation, seismicity) are critical for their sta-
bility. It demonstrated the effectiveness of the software
for predicting rock mass behaviour and preventing dan-
gerous situations, which fully aligns with the demands
regarding stresses and deformations. The presence of
water in rock cracks and pores reduces their strength
and increases pore pressure, which leads to a weaken-
ing of the rock mass. An increase in the groundwater
level or heavy rainfall causes landslides and collapses,
which directly affects the stability of the pit slopes and
underground stopes. Earthquakes or even microseismic
activity, for example from explosions, create dynamic
loads that sharply increase stresses in the rock mass.
This destroys existing stress arches or causes rock
bursts and collapses, especially in weakened areas
between open-pit and underground mining. Ignoring
these factors leads to an underestimation of risks and,
as a result, to catastrophic failures that threaten human
life and infrastructure. Therefore, in geomechanical re-
search, an analysis is obligatorily conducted with con-
sideration of the hydrogeological and seismodynamic
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conditions of the working area. Studies concerning the
transition from open-pit to underground mining are
particularly sensitive to these factors, as it is precisely
here that new zones of stress concentration are created,
and the old rock mass of the open pit receives addition-
al load. The commonality in the obtained results is the
confirmation of the critical influence of external factors
on the stability of the rock mass and the effectiveness
of numerical modelling methods, whereas the differ-
ence lies in the fact that M. Zhe & M. Zhuogian (2024)
focused on slopes along a motorway, while this study
focused on the specific issues of open-pit-to-under-
ground mining of deposits.

Stress analysis using “SolidWorks Simulation” is a
study that demonstrates the effectiveness of using soft-
ware to analyse the behaviour of components under
various loads, as presented by M. Yazeed et al. (2023).
The paper highlights the power and importance of us-
ing modern software for engineering analysis. It shows
that such tools are an effective alternative to complex
manual calculations and allow for the visualisation
and analysis of results with high accuracy. This work
demonstrates that effective and precise tools exist for
modelling the stress-strain state of a rock mass, which
are key for this type of research. However, this published
work demonstrates the effectiveness of mathematical
modelling using various types of software on personal
computers. Common to both studies is the confirmation
of the effectiveness and key role of modern software for
modelling the stress-strain state, but the difference lies
in one case focusing on stress analysis in engineering
components, while this study applied the approach to
the specific problem of mining geomechanics.

B.O. Taiwo et al. (2023) noted that the state of pit
slopes was influenced by explosive works used dur-
ing extraction, as blasts were one source of localised
seismicity affecting the rock mass’s stress-strain state.
The authors used a combination of geotechnical meth-
ods, monitoring, and data analysis to assess how blasts
caused microcracks, which weakened the rock and
increased the risk of collapses. This work highlighted
the importance of considering not only static but also
dynamic stresses when analysing rock mass stability. It
confirmed the need to account for seismic factors in the
pit during the transition from open-pit to underground
mining. The results obtained in the current work align
with the finding that dynamic loads from drilling and
blasting are a key factor influencing the stress-strain
state of the rock mass. The difference, however, lies in
the fact that the original study focused on analysing
the stability of pit slopes, whereas this research applied
these findings to geomechanical processes under con-
ditions of combined mining.

O.V. Kalinichenko (2020) noted that to determine
changes in the stress-strain state of a rock mass when
creating underground voids, analytical modelling with
effective computer software is necessary. Particu-
lar attention is paid to methods for controlling the
stress-strain state, which ensure stability and safety.
The research findings contain recommendations and
methodologies that prevent collapses, the formation of
subsidence basins, and other negative geomechanical
phenomena. This is directly related to the influence of
worked-out space dimensions on surface deformations,
as this dissertation developed a scientific basis for un-
derstanding and controlling geomechanical processes.
The results of that study had an approximately similar
error to the results of this research. What both works
have in common is the application of software for mod-
elling and analysing the stress-strain state to enhance
mining safety. The difference is that the author focused
on the creation of underground voids and workings,
whereas this study focused on the interaction between
open-pit and underground mining.

In the published work, Y. Lu et al. (2024) proposed
an analysis of open-pit slope deformations and fail-
ures resulting from the combined influence of blasting
operations and rainfall. The authors emphasised that
although these factors are common, their combined ef-
fect has rarely been studied. An integrated approach,
which included using finite difference method mod-
elling to investigate slope response mechanisms, was
used to study a large-scale landslide that occurred at
a mine in China. The paper is relevant as it confirmed
that to fully understand the behaviour of the rock mass,
it is not enough to study only internal factors, such as
stresses from mining. It is necessary to consider exter-
nal factors, such as hydrogeology and dynamic loads,
which made it an ideal complement to the results of
this study on the open-pit-to-underground transition.
The two studies similarly confirm the need to consider
factors of natural and man-made origin for a compre-
hensive stability analysis, while the difference lies in
the fact that one focused on open-pit slopes and this
study focused on the interaction of the depleted open-
pit with the surrounding rock mass.

The research results in the paper by M. Marchelli et
al. (2023) are practical, as they provided specific tools
for the preliminary design of open-pit geometry and risk
assessment. This study confirmed that proper planning
and consideration of the geomechanical properties of
the rock mass significantly increased work safety. It also
emphasised that every element of the open pit, from
the bench to the overall geometry, was crucial for pre-
venting dangerous situations. Both works used a single
approach of applying geomechanical calculations for
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improving the safety of mining operations, but the dif-
ference lies in the fact that one focused on specific tools
for designing open-pit geometry, while this research fo-
cused on the problem of subsequent combined mining.

In the paper by A. Driouch et al. (2023), it was prov-
en that numerical modelling is an extremely important
tool for selecting the safest and most effective min-
ing sequence. It was also emphasised that the correct
choice of mining methods is crucial for managing the
stress-strain state of the rock mass, especially in condi-
tions with weak rocks. The results obtained from both
studies converge on the key factor being the necessi-
ty of applying numerical modelling to select effective
mining methods. However, the difference lies in the fact
that one study focused on choosing a mining sequence
in weak rock conditions, whereas this research concen-
trated on geomechanical processes in a combined min-
ing operation.

In mining science, a number of calculation
schemes and methodologies are applied to determine
the stability of open-pit slope elements. As stated by
E.B. Gridina et al. (2020), a common feature of all ex-
isting calculation schemes is the comparison of shear
and retaining forces acting along the weakest surface.
This principle is used to calculate the factor of safety,
which is the most common indicator of slope stability.
The factor of safety is defined as the ratio of the total
sum of retaining forces or moments, depending on the
methodology, resisting movement along the surface,
to the total sum of shearing forces or moments that
tend to cause movement along this surface. A common
feature of all existing calculation schemes is the com-
parison of shearing and retaining forces to determine
the factor of safety, which is considered a classic ap-
proach, whereas this study considers the application of
this principle in the context of open-pit mining, which
is its distinctive feature.

A.G. Irwan & LT. Wiati (2023) noted that the sta-
bility parameters of pit slopes obtained by calculation
require adjustment as they do not reflect all factors that
occur in the rock mass at each specific deposit during
its development. The main parameters of the pit slope,
such as its inclination angle and height, are determined
by taking into account the main influencing factors,
which include: the physico-mechanical properties of
the rocks; the structural features of the rock mass and
the deposit’s structure; the dimensions and shape of
the open pit; hydrogeological conditions; technological
influence (the effect of drilling and blasting operations,
external loads on the slope, particularly the close prox-
imity of waste dumps, and so on); and the duration of
the open pit’s operation. A key shared conclusion is the
confirmation that the calculated stability parameters

require adjustment to account for a multitude of factors,
whereas the difference lies in the fact that attention
was focused on general parameters, while this study
analyses the influence of the open pit on the rock mass.

Thus, the analysis of scientific sources and the
results of the modelling confirm that assessing the
stability of the rock mass around a depleted open pit
requires a comprehensive approach. It has been estab-
lished that stability parameters calculated by standard
methods are insufficient, as they do not account for the
combined influence of hydrogeological, seismodynam-
ic, and technological factors. Therefore, to ensure the
stability of the pit slopes and underground workings
during their combined extraction, it is necessary to ap-
ply numerical modelling methods that allow all these
factors to be taken into account for an accurate predic-
tion of the stress-strain state.

® Conclusions
The conducted research made it possible to perform a
geomechanical justification for the stability of the el-
ements of the open-pit mining complex. The obtained
results confirmed the fundamental reqularities of the
rock mass’s stress-strain state and provided a quan-
titative assessment of its behaviour. The research es-
tablished that the magnitude of the maximum vertical
displacements of the pit slope on its benches increased
with increasing pit depth, from 13-14 mm on the upper
benches at depths of 30-45 m from the ground sur-
face to 60-63 mm on the lower benches at depths of
270-300 m at the bottom of the depleted pit. It was es-
tablished that the dependence of the magnitude of the
maximum vertical displacements of the pit slope ele-
ments on the depth of excavation was described by a
logarithmic function with a high coefficient of determi-
nation. The results of the calculations made it possible
to establish that the magnitude of stresses in the rock
mass beneath the pit floor increased from the ground
surface at the bottom of the pit into the rock mass ac-
cording to an exponential law. It was established that
the stress magnitude ranged from 0.7-1.2 MPa at the
pit bottom to 4.6-4.9 MPa beneath the pit floor at the
depth of the future underground stopes. During the re-
search, it was established that stresses in the rock mass
beneath the pit floor increased with depth. The results
obtained confirmed that vertical geostatic stresses in-
creased with depth, which was caused by the weight
of the overlying rocks. However, upon the creation of
the pit, a significant portion of these rocks was re-
moved, leading to a redistribution of the initial stress
field. The conducted studies showed that the stresses
directly at the pit bottom and in the near-surface zone
beneath it significantly decreased, which indicated the
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unloading of the rock mass. Nevertheless, with an in-

crease in depth, the influence of this zone decreased.

The stresses began to gradually recover and approached
the initial geostatic values, continuing to increase fur-
ther down the dip of the deposit. The performed anal-
ysis demonstrated zones of stress concentration on the
pit slopes,as well as zones of unloading in the near-sur-
face rock mass beneath its bottom. The obtained de-
pendencies were confirmed by research performed for
analogous conditions. The reliability of the results was
confirmed by the fact that the error magnitude did not
exceed 12-15%, which was an acceptable value for ge-
omechanical studies. The obtained results were the ba-
sis for further work planning for the transition to under-
ground mining. In further research, a focus is planned

on studying key parameters to ensure the stability of
the rock mass during the excavation of Chambers |, Il,
and I1l. The main objects of analysis will be changes in
the distribution of stresses and deformations in the rock
mass, as well as the mutual influence of the chambers
on the overall stability of the rock mass around the pit.
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Onekcanpp Lenenb

Kananpat TexHiYHMX HayK, AoLeHT

KpnBopisbkuit HalioHanbHUN YHIBEpCUTET

50027 yn. Bitanis Marycesuya, 11, m. Kpnsun Pir, YkpaiHa
https:/orcid.org/0000-0003-4581-5441

Hocnig>xeHHs Hanpy>keHo-AedOpPMOBaHOro cTaHy ripCbKoro macuBy
npv BuAo6yTKy KOPMCHUX KONasiuH BigKpUTUM cnocobom

@ AHoTauif. 3abe3neyeHHs CTIMKOCTI Ta HECYy40i 34aTHOCTI 6OpPTiB KapeEpiB Lie akTyanbHa Ta CKaafHa yMOBa A1
BiANpaLOBaHHA POLOBMLY, BiAKPWUTO-MiA3EMHUMM CMNOCOOGOM. Y 3B3KY 3 UMM METOK AO0C/igKeHb B poboTi 6yno
reoMexaHiyHe O0OI'pYHTYBAHHS CTIMKOCTI TEXHOMOTIYHUX €NIEMEHTIB BiAKPUTO-MiA3EMHOr0 KOMMAEKCY FipHUYMX
po6iT. Lle 06rpyHTyBaHHS, NPOBEAEHO 3a AOMOMOrol po3pobneHoi Mofeni, Mano Ha MeTi BU3HAUYEHHS BMAUBY
Ha GOpPMYBaHHA HaMpyXeHo-4eOPMOBAHOrO CTaHy MacuMBYy Ha npuknaai kapepis KpuBOpi3bKuX ripHUYO-
3b6arayyBanbHMX KOMGIHaTIB. Y AaHii poboTi Ans NPOrHo3yBaHHSA BMIMBY Kapepy Ha NOAA/bLUMIA NiA3eMHMIA
BMA00OYTOK GyNM 3aCTOCOBAHI MaTeMaTUUHI Ta YMCENbHI MeToAM, 30KpeMa MEeTO[ CKiHYEHHUX eIeMEHTIB, @ TaK0X
CTAaTUCTUYHUI Ta DAKTOPHUM aHani3. KpiM TOro, ona OOCNIOXKEHHS HanpyeHo-4edhOopMOBAHOr0 CTaHy ripCbKOro
MaCMBY HaBKOJ10 BiANpaLbOBaHOro Kapepy 6yno BUKOPMCTAHO NporpamMHe 3abesneyeHHs «Ansys, Inc. Products 2019
R3». BctaHOBNEHO, WO BENMYMHA MaKCUMalbHUX BEPTUKANbHMX 3CYBiB BopTa Kapepy 36inbwyetbca 3 13-14 mMm
Ha BEpXHiX ropmsoHTax (ycrynax) Ha rmubunHax 30-45 M Big aeHHOI noBepxHi Ao 60-63 MM Ha HUXHIX yCTynax Ha
ranbunax 270-300 M Ha AHi BiANpaLbOBaHOrO Kapepy. 3aNexXHiCTb BENMUYMHU MAaKCUMaNnbHUX BEPTUKANbHUX 3CYBiB
eneMeHTiB 6opTa Kapepy BiA rMUOMHM po3pobKM ONUCYETbCS NnorapudmiyHo dyHKLiew. byno BCTaHOBMEHO, WO
BE/IMYMHA HaNpyxXeHb KonueaeTtbca Big 0,7-1,2 Mla Ha gHi kapepy no 4,6-4,9 Mla nig AHOM Kapepy Ha MUOUHI
po3TallyBaHHS ManbyTHIX NiA3EMHUX OUMCHUX KaMep. 3aNeXHiCTb BEIMYMHM MAKCMMAJIbHUX Hanpy>XeHb Y FipCbKOMY
MacumBi Nig OHOM KApEPY Bif IMMUOMHU ONMUCYETHCS EKCMOHEHLiaNbHOK dYHKLi€. PO3paxyHKkM [O3BONMAM OTPUMATH
KiNbKiCHi AaHi NpO 3MiHy HaMpy)XeHOro CTaHy ripCbKOro MacMBY B 3aN€XHOCTi Bif rMMOUHW. [TpakTUYHa 3HAYMMICTb
pob0TM nonsra€e y BUKOPUCTaHHI LMX NOKa3HWKIB Ans 3abe3neyeHHs Ge3neyHoro Ta epekTMBHOrO nepexopy L0
nif3eMHoi TexHonorii po3pobku

@ Kniouosi cnoBa: kapep; reoMmexaHiuHe 06rpyHTyBaHHS; KOMMJEKCHA po3po6Ka; 3a/1eXHiCTb; MOAENOBaHHS
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