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Abstract

Purpose. The research purpose is to develop a geomechanical model for ensuring the safety of mining operations by de-
termining the optimal slope angles and probabilistic assessment of the stability of the open-pit walls.

Methods. Three-dimensional geomechanical models for surface mining of deposits have been developed based on calcula-
tions of the stability factor (safety factor — SF) of the open-pit walls in the Rocscience program to determine the rock mass
stress-strain state at the end of mining using the finite element method. The geological wireframe model (GWM) has been built
on the basis of the available geological sections, horizon plans and the results of the engineering-geological surveys using the
Surpac geoinformation system.

Findings. Strength reduction factor (SRF) has been determined taking into account the physical-mechanical properties of
rocks that constitute the near-wall mass. An assessment of the stability of walls according to the selected geological sections is
given, taking into account the projected contour of the Severny Katpar open-pit walls. The calculation of the projected contour
stability of the open-pit walls by several different methods has revealed that the open-pit walls are generally stable. The open-
pit parameters at the end of mining have been determined.

Originality. For the first time, it has been determined that in the Southern and South-Western area of the Severny Katpar
open-pit wall in the horizons +700...+400, there is a decrease in SF from 1.18 to 1.41 due to the predominant occurrence of
siltstones and tectonic disturbances of the walls.

Practical implications. The mathematical calculation results of the stability of the projected contour walls in the Severny
Katpar open pit have been generalized. In addition, a geological and structural wire-frame model of the deposit has been de-
veloped, which makes it possible to ensure the safety of mining operations in the open pit.
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1. Introduction Due to such characteristics as high efficiency and produc-

The history of surface mining indicates a trend towards ti\{it_y of extracting minerals from_ the subsoil, the surface
increasing mining depths [1]-[3]. At the beginning of the 20" Mining methoq remains the_ leader in terms _of thg percentage
century, mining operations were carried out within sedimen-  Of minerals mined. According to the data given in the works
tary rocks; the maximum depth of open pits of that time did of_ domestic and foreign scientists, abo_ut_ 80% of all mined
not exceed 100 m from the surface, but after a few decades, ~ Minerals are accounted for by surface mining [11]-[15].

the maximum surface mining depth reached 200-300 m [4]- One of the main issues in the processing of minerals ex-
[7]. A further increase in the demand for mineral raw mate-  tracted by surface mining method is to ensure safety in min-
rials led to the improvement of equipment and technologies, ing operations and achieve rational development of deposits.

the maximum surface mining depth began to reach 400 m in ~ An increase in the depth of surface mining usually leads to
some cases [5]. Achieving such a depth is poorly consistent the pushing back of the open-pit walls and an increase in the
not only with the feasibility of mining, but also with the ~ Volume of overburden [16], [17]. Another option for involv-
trends of green mining development [8]-[10]. ing in mining of deep open-pit horizons without a significant

increase in the cost of mining operations is to revise the ori-
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ginal project and increase the final angle of the wall inclina-
tion [18]-[20]. With this option, the problem arises of ensur-
ing the stability of the open-pit wall and selecting parameters
that are rational from the point of view of geomechanics of
the newly projected ledges at deep horizons.

The main condition necessary for the revision of the ini-
tial mining projects is information on the rock mass geome-
chanical state, which, along with the stress-strain state pa-
rameters and geological-structural peculiarities of the depo-
sit, also includes knowledge of the physical-mechanical
properties of host ores and rocks [18], [21], [22].

The methods developed and adopted at the enterprises do
not fully cover all the problems that arise when mining deep
open pits [23]-[25]. According to these normative docu-
ments, the parameters of walls and ledges of open pits should
be determined and substantiated by calculating the stability
factor using classical methods of limit equilibrium. However,
these methods do not take into account structural disturb-
ances of the rock mass, which have a negative impact on
stability. In addition, the existing theoretical approaches to
substantiating the stable angles of open pit walls do not, as a
rule, take into account the real stress-strain state (SSS) of
rock masses, assuming that it is conditioned only by the own
weight of the overlying rocks [26].

When calculating the stability of walls according to the
method of 1972, only the own weight of the sliding triangle
is taken into account in all schemes [25]. In rock masses,
where horizontal stresses in most cases exceed vertical ones,
neglecting the destress deformations predetermines the pos-
sible development of emergency situations at open-pit depths
of more than 200-250 m. Destress deformations are manifested
in the mass deformation and the occurrence of long fractures,
subparallel slopes (fractures in the walls of repulsion). As a
result of these processes, the mass splitting into steeply dip-
ping “layers” begins which tilt and bend [27], [28].

The need to improve existing methods and ensure the sus-
tainability of existing and planned open pits is studied in
detail in [29]-[36]. The rationale for conducting research work
is the need for mineral raw materials, which increases from
year to year, leading to the need to increase the production
capacity of mining industries [37]-[39]. The deposits with
simple mining-geological conditions and a high content of a
useful component in ores have already been mined out or are
close to completion. Therefore, the present day mining indus-
try development is characterized by a complication of mining
conditions due to an increase in the mining depth and invol-
ving in the operation of deposits with difficult mining-
geological conditions [40], [41]. With an increase in the depth
of existing open pits, the issues of wall stability turn into
problems of great economic importance for mining enterpris-
es [42]. In this regard, substantiation of the stable parameters
of the walls and ledges at deep open pits opens up new oppor-
tunities for mining deep-seated ores for existing enterprises.
For this, computer modeling is most often used [43]-[47].

The task of computer modeling of geomechanical pro-
cesses and phenomena is to obtain qualitative and quantita-
tive assessments of the studied phenomenon using computer
methods [48]-[50]. It should be noted that the use of comput-
er methods in geomechanics makes it possible to adapt and
spread mathematical modeling methods for studying com-
plex geomechanical processes [51], [52]. The undoubted
advantage of computer modeling is the ability to take into
account and to vary many parameters involved in the ma-
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thematical formulation. The use of computer methods is
effective and justified in the case of studying mechanical
processes, the modeling of which is very laborious or almost
impossible to implement using other scientific approaches.
When developing a geomechanical model, analytical, expe-
rimental and numerical methods can be used, each of which
has its own advantages [53].

Geomechanical modeling is a sequential process of de-
termining the mechanical properties of the rock and its re-
sponse to impacts during the deposit mining process [54]-
[56]. In this paper, the authors study the development of
three-dimensional geomechanical models for mining the
deposits by surface method, which are based on the results of
calculating the stability factor of the open-pit walls. The
geomechanical model consists of four main components:
geological, structural, hydrogeological and rock mass mod-
els. The models are built on the basis of geological, hydroge-
ological, geotechnical data of the deposit and from these
positions allow optimizing the work of the entire enterprise,
correctly assessing risks, and scientifically substantiating the
parameters of deposit mining. The development of geome-
chanical models includes several stages: data collecting and
processing, analyzing the results obtained, converting graph-
ic documentation into digital one, working with digital data
in specialized GIS.

The ultimate purpose of developing a geomechanical mo-
del is to ensure the safety of mining operations by determining
the optimal slope angles and probabilistic assessment of the
open-pit wall stability, based on studying the structure of the
near-wall mass and its physical-mechanical properties [57].

The use of a geomechanical model provides a number of
advantages for determining the open-pit wall stability and
selecting rational mining parameters from the point of view
of geomechanics, such as:

—in a short time, it is possible to obtain several options
for designing and planning the mining operations;

—the use of a block model gives the advantage of taking
into account the influence of different rock masses and rock
lithology on the stability of the open-pit walls and other
mining parameters;

—when obtaining actual data or changing some parame-
ters according to the rock mass characteristics that can affect
mining operations, it is possible to quickly enter or change
data in the geomechanical model and calculate the optimal
solutions in the deposit mining.

Thus, the purpose of this work is to ensure the safety of
mining operations by determining the optimal slope angles
and probabilistic assessment of the open-pit wall stability
based on studying the structure of the near-wall mass and its
physical-mechanical properties.

2. Mining-geological characteristic
of the Severny Katpar deposit

This section presents the main mining-geological peculi-
arities of the Severny Katpar deposit. The deposit relief is
plain- hilled. The deposit is located in an inter-hill depression
with relative elevations of up to 5-10 m, with a general sur-
face inclination from the south and west to the northeast and
east (absolute surface elevations are 698.0-707.8 m). The
mineralization depth is from 2 to 520 m. Ore bodies occur
horizontally or obliquely; they are mostly steeply dipping.
The thickness of the ore bodies varies from 10 to 370 m. The
ore bodies are of the following shapes: sheet-like, ellipsoid-
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shaped, twisty, upswell, half-moon-shaped and lenticular.
Three genetic types of ores have been identified at the depo-
sit: oxidized in clayey and clayey-detrital weathering crust,
skarn-greisen and marmorized limestones and marbles, and
quartz-greisen in granites. In structural and tectonic terms,
the deposit area is located in the central part of the Uspensky
synclinorium, within the Akamai-Katpar ore zone.

The deposit has a mainly two-level structure. Thus, the
upper level is composed of non-cohesive and cohesive soils,
and the lower one is composed of dislocated rocks (mar-
morized limestones, marbles, skarns, siltstones, sandstones,
metasomatites, granites, diorites, diabases, porphyrites). The
thickness of loose overburden deposits varies from 0 to
220 m, averaging 36 m. The area is non-seismic, and the
possibility of landslides is excluded.

According to the engineering-geological type, geological
structure, engineering-geological, hydrogeological conditions,
the deposit belongs to type V (foredeeps in masses of rhythmi-
cally interstratified lithified rocks). By the degree of complexi-
ty of the study, the deposit is of medium complexity.

Due to the difficult engineering-geological conditions of
mining, the deposit belongs to the category of medium com-
plexity (it is confined to rocky dislocated fractured rocks,
with the presence of zones of crushing, weathering, covered
by cohesive and non-cohesive soils). The deposit is com-
posed mainly of rocks that are covered almost everywhere by
loose deposits. Sedimentary unconsolidated soils are repre-
sented by Quaternary and Neogene sediments and Mesozoic
weathering crust formations.

Quaternary sediments are of limited distribution. Allu-
vial-proluvial modern loams, sandy loams occur in the east-
ern area of the deposit. Deluvial-proluvial loams and clays
with gruss-rock, alluvial-deluvial gruss-rock and coarse me-
dium gravels are found in the western area of the deposit.
The thickness of these deposits is mainly up to 1-2 m, in rare
cases up to 3 m.

Neogene sediments are confined to the depressions of the
Paleozoic basement in the Southern and South-Eastern areas
of the deposit. They are represented by green, greenish-
brown and brown clays of montmorillonitic composition.
Their thickness is up to 26 m.

Weathering crust formation is widespread. It is represen-
ted by loams and clays with gruss-rock and crushed stone
content from 1 to 16%, as well as by gruss-rock soils with
sand-clay aggregate. The weathering crust formation thick-
ness varies from a few centimeters at rock outcrops to the
surface up to 220 m in the junction of tectonic faults, avera-
ging 36 m. The weathering crust formation thickness de-
pends on the lithological composition of the primary rocks.
Above the siliceous, clayey and carbonaceous limestones of
the northern block, the weathering crust thickness is up to
5 m; above the skarn-saturated limestones, it is 18-60 m.

Based on the changes in the mineralogical and chemical
composition, the weathering crust is divided into two zones
(from bottom to top):

—a zone of disintegrated rocks with a subzone of flints
and opalites, represented by gruss-rock and coarse medium
gravels with sand-clay aggregate;

— a hydromicaceous-halloysite-montmorillonite zone rep-
resented by cohesive soils with different gruss-rock and
crushed stone content.

The first zone thickness is 5-45 m. In the lower part, this
zone is represented by decompacted rocks with initial wea-
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thering products. There are lenticular and nest-shaped bodies
of quartz metasomatites 3-19 m thick. The hydromicaceous-
halloysite-montmorillonite zone thickness is 3-45m. This
zone is characterized by deep mining of ore minerals. The
soils are dark brown, gray and yellowish-greenish-gray.
Their texture is spotty, massive, brecciated. Among minerals,
montmorillonite, kaolinite, hydromica, halloysite and
beidellite predominate.

Sedimentary cemented carbonate, silty and microfrag-
mental, contact-metamorphosed and intrusive formations are
found among the rocks. Sedimentary cemented soils are the
main ore-bearing rocks. They are represented by siltstones
and sandstones of the Upper Famennian and limestones of
the Lower Tournai. Siltstones with sandstone interlayers are
widespread in the Southern area of the deposit. They are
carbon-bearing, from dark gray to black color. The cemen-
ting mass (70-90% of the rock volume) is of the basal type
and is represented by siliceous, clayey or carbonaceous mate-
rial. The siltstone texture is massive and schistose.

Fine and medium-grained sandstones occur as thin (up to
1-3 m) layers and lenses among siltstones. They also have a
polymictic composition. The central and northern areas of the
deposit are composed of limestones affected to varying de-
grees by metamorphic processes. Less metamorphosed lime-
stones outcrop to the north of the deposit, forming a separate
block. Here they are represented by dark gray carbonaceous-
clayey, clayey-siliceous and banded limestones. In the central
area of the deposit, the limestones are intensively mar-
morized. These are light-gray medium-coarse-grained lime-
stones, composed mainly of calcite. Their structure is grano-
blastic, mosaic. The texture is massive, indistinctly-banded.

The metamorphic rocks of the deposit are mainly ore-
bearing. They are represented by skarns, quartz metasoma-
tites, hornfelses and marbles. The skarns are developed
through limestones (marbles), to a lesser extent through
hornfelses in the form of veins and veinlets of various thick-
nesses (up to 5m). The skarns (calcareous) are mainly of
garnetiferous (andradite), pyroxene-garnetiferous and less
often vesuvian-garnetiferous composition with wollastonite
capel. Ore-bearing skarn veins and veinlets are clustered to
form a stockwork. In the central area of the deposit (profile
45-47), the stockwork is saturated with skarn veinlets and
veins, having a significant vertical thickness (up to 400 m)
and a maximum depth (up to 300 m). The stockwork as a
whole is elongated in the sublatitudinal direction from profile
49 in the east to profile 42 in the west, and passes further into
the Western Katpar ore occurrence. Towards the flanks, the
stockwork acquires a lenticular and sheet-like shape, break-
ing up into separate bodies.

When approaching the center of the deposit and the gra-
nite mass, intense marmorization of limestones leads to the
formation of monomineral medium-coarse-grained marbles.
Their structure is granoblastic, mosaic. The texture is mas-
sive, indistinctly-banded. Quartz metasomatites within the
ore field occur in the form of thin lenses and interlayers. The
groundmass structure is microgranoblastic, mosaic; the tex-
ture is massive or spheroidal. Granites and dikes of dioritic
and diabase porphyrites occur among the igneous formations
of the ore field.

Granites at a depth of 400-600 m constitute the dome-
shaped anticline part of the Akmainsky mass, complicated by
a gently dipping apophysis. They are represented by massive
fine-medium-grained varieties of leucocratic light-gray and
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pinkish-gray rocks of Upper Permian age with porphyritic
and aplite inclusions. In the apical part of the dome, granites
are greisenized and K-feldspathized, where quartz and
quartz-feldspar veins and veinlets with a thickness of several
mm to 5-10 cm are widespread. The dikes are distributed in
the central part of the deposit (within profile 45-46) on a
dome-shaped granite ledge. Their thickness varies from 3 to
20 m. The length of the dikes along strike does not exceed
200 m; to the dip, some of them are traced to a depth of 500 m.

The ore-bearing limestones in the central part of the de-
posit form a synclinal fold overturned to the north, which has
unequal slope angles at different depth levels: in the upper
part their dip angle to the south is 70-900, and lower, at a
depth of 300-400 m — with a flattening up to 50-200. In the
western part (profile 42), an anticline fold is assumed (on the
upper horizons), the fold lock is strongly flattened and com-
plicated by fine folded structures of a higher order with a
general dip to the north at angles of 50-800. The synclinal
fold limestones are overlain by flyschoid formations of the
Upper Famennian, which also form complexly dislocated
folds with steeply dipping (up to vertical) angles. The strike
of these rocks along the azimuth is 60-900.

3. Methods

To assess the stability of ledge slopes and open-pit walls, the
following calculation methods are most widely used in practice:

— the method of algebraic addition of forces;

— the graphical-analytical method (VNIMI).

When there are no weakening surfaces in the rock mass,
dipping towards the ledge or horizontal ones, a calculation
scheme is used, characterized by the fact that in this case the
sliding surface can be taken as round-cylindrical, and the
stability factor can be determined by the algebraic addition
method of holding and shearing forces along this surface.

The graphical-analytical method for determining the sta-
ble slope parameters (VNIMI method) consists in determin-
ing the limiting slope parameters (height H, slope angle «
and width of the possible sliding triangle) according to the
graphs of G.L. Fisenko [25], [58]. When calculating the
slope parameters, the weighted average values of the mass
rocks Cay, ¢av and yay are used, into which the safety factor n,
is preliminarily introduced.

t
Ch= nav ' 9o, = gr:/’av : @)
3 3
Firstly, Hgo value is determined:
Hgo = 2k ctg (45" —Ej . 2
14 2

If the wall height H is set, it is necessary to determine its
slope angle a. To do this, the H' value is first determined:
+ H

Hgo
and then, according to the calculated ¢ value, the slope angle «
is found on the abscissa axis. If it is necessary to determine the
slope height, according to the given slope angle of the wall,
through the point on the abscissa axis corresponding to the
value of the given angle, an ordinate is drawn to the curve
corresponding to the calculated internal friction angle ¢,. On
the ordinate axis, the conditional slope height is determined;
the true height H' of the slope is determined by the Formula:

H @)
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H=H"Hg. (4)

The slope parameters are specified by stability verification
calculations using the algebraic addition method of forces over
the most stressed surface using specified values of each indi-
vidual layer strength characteristics (without averaging).

The heterogeneous mass geomechanical model is used to
calculate the stability of the open-pit walls of arbitrary shape
in difficult mining-geological conditions.

The principal scheme for calculating the stability of hetero-
geneous mass slopes for all calculation schemes is as follows.

1. On the geological section, built across the open-pit
wall strike, the open-pit wall projected contour and the
groundwater level are plotted.

2. The rock contacts between layers, groundwater level,
sliding surface and open-pit wall contour are described ac-
cording to tabular given functions by local interpolation of
polynomials of small degree or splines. To do this, an X/Y
coordinate system is selected with the origin at the lower
slope edge. In this case, the X-axis is directed deep into the
mass, the Y-axis is directed vertically. On the section, char-
acteristic (nodal) points are marked for each contour and
contact; at the same time, this indicates which interpolation,
linear or quadratic should be performed between the nodal
points. Contacts are numbered from bottom to top, and nodal
points within the contact are numbered as the abscissas of
nodal points increase.

3. The sliding surface is approximately built (hereinafter,
its position is specified by the method of successive appro-
ximations), for which the average calculated characteristics
Cav, t9¢av and yay are determined.

4. The average calculated characteristics are determined as
weighted averages. After that, the stability factor is calculated.

The calculations are performed in the Rocscience and
K-MINE programs for the full projected open-pit depth, which
is about 385 m, using a round-cylindrical sliding surface.

These programs are designed to assess the stability of cy-
lindrical and non-cylindrical failure surfaces in rock and
earth slopes. The program analyzes the stability of sliding
surfaces using the vertical block limit equilibrium method,
also known as the Bishop (Cray’s approach) method, as well
as the Spencer, Yanbu and Fellenius methods. A single sli-
ding surface can be taken for analysis, and the area of centers
can also be used to determine the location of critical surfaces
for a certain area of the studied object. When performing
calculations, the geometric parameters of the open-pit wall, as
well as the rocks composing the near-wall mass, are entered
into the programs. The programs use methods that satisfy the
equilibrium conditions of the sliding triangle and its elements
in the limiting state, taking into account the rock mass stress
state. The summary characteristics of the limit equilibrium
methods for slope stability analysis are given in Table 1.

The Yanbu and Spencer methods are universal and can be
used to calculate stability both on a round-cylindrical sliding
surface and on a curved one, as well as on a straight-line
contact. The most suitable methods for performing stability
calculations for the Severny Katpar open-pit walls are the
Bishop and Spencer methods. The Bishop simplified method
uses the block method to find the stability factor for a rock
mass. This method makes several assumptions. It is assumed
that the failure occurs when the rock mass rotates along a
round-cylindrical surface with a center at a common point.
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Table 1. Characteristics of the limit equilibrium methods for slope stability analysis

Method

Use

The conventional method
of blocks (Fellenius method)

Applicable for heterogeneous slopes and rock masses with cohesion and an internal friction angle, where
the sliding surface can be approximated by a circle. It is suitable for complex calculations. Not accurate for
high pore pressure acting stress analysis.

Applicable for heterogeneous slopes and rock masses with cohesion and an internal friction angle, where

Bishop simplified method

the sliding surface can be approximated by a circle. It is more accurate than Fellenius method, especially

for high pore pressure analysis. Calculations are feasible both manually and using tabular calculations.

Simplified Janbu method

Applicable for curved sliding surfaces, flat planar sliding surfaces that are not parallel to the earth's surface.

Generalized Janbu method

Applicable for sliding surfaces of any shape, as well as for accurate analysis.

Spenser method

Accurate method applicable to virtually any slope geometry and any type of rocks. The simplest complete
equilibrium method for determining the stability factor.

Thus, the Bishop method should not be used when calcu-
lating SF for a curved surface, unless a frictional rotation cen-
ter is used. It is assumed that the forces on the block sides are
horizontal and therefore there are no shear stresses between the
blocks. The total normal component of the force is considered
to be acting on the center of the base of each block and is
calculated by summing the forces in the vertical direction.

The Bishop simplified method does not satisfy the condi-
tion of complete static equilibrium, the procedure gives rela-
tively accurate stability factor values. The Bishop simplified
method is more accurate than the conventional block method,
especially when analyzing the effective stress at high pore
pressure, and is consistent within 5% with the factor calcu-
lated by the finite element method. The main limitation of
the Bishop simplified method is that it is restricted to a
round-cylindrical surface.

The Spencer method has originally been developed for
the analysis of round-cylindrical sliding surfaces, but is also
used for curved surfaces by applying a frictional rotation
center. This method is based on the assumption that inter-
block forces are parallel, that is, they have the same inclina-
tion. Spencer summed the forces perpendicular to the inter-
block ones in order to obtain the force acting along the nor-
mal at the base of the block. Taking into account the general
equilibrium of forces and moments, two values of the stabil-
ity factor Fr and Fr, are calculated. The stability factor (Fr)
can be calculated from the general equilibrium of moments
relative to a certain point. Using the Spencer assumption over
the entire slope and in the absence of an external load, the
equation for the stability factor in terms of forces is identical
to the equation in the generalized Yanbu method. A trial and
error procedure is used to solve the equation. However,
Spencer tested the relationship between F and Fn, for typical
problems. At a certain angle of interblock forces, two SF are
the same and both conditions for the equilibrium of moments
and forces are satisfied.

Calculation of SF for both a local area and for the entire
wall can be carried out by various methods (LEM — limit
equilibrium method; FEM - finite element method, etc.,
depending on software), taking into account the lower and
upper levels of the aquifer. The K-MINE software uses the
limit equilibrium method and all cells of the block model are
involved in the calculation, which makes the calculations as
accurate as possible by eliminating the averaging of the
physical-mechanical properties of the rocks composing the
mass. Rocscience, Phase 2 and Midas GTS NX software use
the above geomechanical model data to determine the stress-
strain state by the finite element method, which has the ad-
vantage of simultaneously determining the sliding surface
and the stability factor during the calculation process.
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4. Results and discussion

According to the above methods, the calculations of the
open-pit wall stability have been performed along the trans-
verse, longitudinal and diagonal engineering-geological
sections (Fig. 1), typical for the open-pit near-wall zone in
the final position, taking into account the deepening to the
absolute mark of +320 m, with the implementation of numer-
ical mathematical modeling and identification of potentially
hazardous areas.

Figure 1. Location of calculated profiles

The open-pit wall projected contour and the near-wall
mass geological structure have been plotted on the sections
according to the prospecting borehole data. The calculated
physical-mechanical properties of the host rocks in the
Severny Katpar open pit have been previously studied and
are the basis for this research.

For each section (open-pit profile), calculations have
been made for several sliding surfaces. When predicting the
slope stability, the problem is reduced to finding the weakest
sliding surface in the mass and determining the stability
factor from it. The stress-strain state of the open-pit projected
contour at the end of mining has been analyzed using the
finite element method in the Rocscience program (Fig. 2).

When calculating the SF, the load on the wall from the
external rock dump has not been taken into account due to
the fact that the nearest distance from the open-pit upper
edge to the bottom of the existing dump in the area of profile
lines No. 46 and 47 is 350 m (Fig. 3). There is also no initial
information about the geology under the rock dump base.
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The calculations are carried out for the full projected open-
pit depth, which is about 385 m, using a round-cylindrical
sliding surface. The calculation results are presented in the
form of curves in Figure 4. The mathematical calculation re-
sults of the stability of the projected contour walls in the
Severny Katpar open pit are summarized in Table 2.

An assessment of the wall stability for the selected geolog-
ical sections has been performed, taking into account the pro-
jected contour of the open-pit walls. Calculations have been
made for geological sections: I-1, A-A, B-B, 45, 46. Based on
the calculations, the following data have been obtained:

—line I-1: SE - the wall general angle 410, H =381 m,
SFay = 1.31; SW — the wall general angle 380, H = 380 m,
SFa = 1.39;

—line A-A: SW - the wall general angle 400, H = 381 m,
SFay = 1.32; SW — the wall general angle 400, H =378 m,
SFa = 1.41;

— line B-B: SW — the wall general angle 370, H = 381 m,
SFay = 1.51; SW — the wall general angle 370, H =379 m,
SFa = 1.58;

—line 45: SE - the wall general angle 360, H =383 m,
SFay = 1.52; SW — the wall general angle 380, H =381 m,
SFa = 1.18;

—line 46: SE — the wall general angle 400, H =381 m,
SFay = 1.26; SW — the wall general angle 340, H =381 m,
SFay = 1.69, which are acceptable values for the stability
factor.

The calculation of the projected contour wall stability in
the Severny Katpar open pit by several different methods
shows that the open-pit walls are generally stable, while the
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stability factors along the profile lines, at which the open-pit
depth reaches its absolute limit mark of +320 m, vary from
1.18 to 1.41. However, there are areas with the stability fac-
tor value close to the maximum allowable (SF = 1). These
are the upper horizons of the Southern and South-Eastern
open-pit walls in the 44, 46-47 profile line areas on horizons
with an absolute mark of +700 and +660. This is explained
by the fact that the rocks in these areas are represented by
weathering crust with low physical-mechanical properties.
For the same reasons, on the walls in the Southern area of the
open pit, on +700 and +400 horizons, a decrease in the SF is
observed due to the predominance of siltstones in the walls.

Taking into account the stability factor close to unity
obtained in the calculations and the possible negative im-
pact of certain factors (abundant atmospheric precipitation,
drilling and blasting operations, etc.), it is necessary to
ensure planned and preventive safety measures to exclude
deformation processes of loose deposit ledges. Such
measures include:

1. A properly selected optimal blasting technology (when
mining a strong undamaged block, it should ensure the
preservation of the natural structure of the abandoned mass,
in order to improve the stability control of ledges in the limit-
ing contour; the use of block blasting with the creation of a
preliminary gap and ensuring the reversal of the total shock
wave towards the mined-out space or using an additional
locking crushing charge).

2. Artificial strengthening of ledges, separate areas with a
very unstable or unstable state of rocks (developing of but-
tresses, combined, using self-retaining support).
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Table 2. Results of mathematical calculations of the projected contour wall stability in the Severny Katpar deposit

Profile I-1 A-A B-B 45 46

Wall SE NW SE NW SE NW SE NW SE NW
General angle, degree 41 38 40 40 37 37 36 38 40 34
Wall height, m 381 380 381 378 381 379 383 381 381 381
Bishop Simplified Method 135 141 142 146 153 161 158 120 129 178
Spencer Method 150 154 131 151 165 170 168 134 138 192
Felenius Method 135 1048 140 152 158 165 154 122 133 172
Yanbu Simplified Method 113 124 120 124 134 141 134 103 112 150
Generalized Yanbu method 1.21 1.32 1.29 1.33 1.43 150 244 1.09 1.19 1.61

3. To improve the hydrogeological conditions and ensure
the stability of a group of ledges, it is necessary to provide
for a decrease in water in the near-contour mass by laying
inclined filtration wells connected to the most fractured and
cavernous cavities located behind the shear plane of the
group of ledges; to prevent clay rocks from sliding, do not
allow wetting of the lower open-pit area (provide for the
removal of melt water in the spring).

4. To prevent flooding of the open pit above the depth of
occurrence of these rocks, etc.

Figure 5 shows the constructed three-dimensional model
for the stability map of the Severny Katpar open pit.

Figure 5. Three-dimensional model for the stability map of the
projected contour in the Severny Katpar open pit:

I < 7.0; I 1.1-1.3; [ > 1.3

Thus, the following main technical parameters of mining
the Severny Katpar open pit have been obtained: the mining
depth is 385 m; surface dimensions — 970x1115 m; dimen-
sions along the bottom — 60x170 m; the North-Western wall
angle is 38°; the North-Eastern wall angle is 40°; the South-
Eastern wall angle is 41°; the South-Western wall angle is
40°; the safety berms width is 10 m; the haulage berm width
is 26 m. Additional open-pit parameters at the end of mining
are presented in Table 3.

Table 3. Additional open-pit parameters at the end of mining
+710/+660 +630/+600 +570/+320

Horizon absolute mark
Project data:

Ledge height, m 30 30 30
Ledge angle, deg. 50 55 60
Project data:

Single ledge height, m 10-15 12-20 12-20
Double ledge angle, deg. 45-50 50-55 55-60

To ensure the stability of the Severny Katpar open-
pit walls with the recommended parameters during mining,
it is necessary:

—to study the impact of drilling and blasting operations
on the open-pit near-contour mass deformations in order to
develop adapted technological schemes for slopes of ledges
on the projected contours;

—to carry out instrumental monitoring of the state of
ledge slopes and walls on the open-pit projected contours;

—in the process of mining an open pit and in event of
new research results of the near-wall mass state (physical-
mechanical properties, geology, hydrogeology), update a
single database represented by a geomechanical block model
for subsequent adjustment of the safety factor of the walls.

The first step in developing a digital geomechanical mo-
del is to collect and prepare the necessary database. The
second stage is the sequential transfer of the obtained data
sets or their combinations into a three-dimensional model
using the K-Mine modeling system. The deposit geomechan-
ical model consists of four main components:

1) geological model;

2) structural model;

3) rock mass models (rock properties);

4) aquifer.

The geological model is represented by a three-
dimensional distribution of rocks that form the open-pit walls.
For the Severny Katpar deposit, 7 types of rocks have been
identified (coal limestone, marmorized limestone, siltstone,
fine-grained granites, medium-coarse-grained granites, tuffs,
Late Permian porphyritic granites). Loose rocks are represent-
ed by clays, loams containing gruss-rock and crushed stone.

The geological wireframe model (GWM) has been deve-
loped on the basis of the available geological sections, horizon
plans and the results of geotechnical studies performed using
the Surpac geoinformation system. In general, the GWM is a
three-dimensional triangulation created on the basis of string
files (polylines), which are the contours of geological bodies.
The deposit GWF elements are presented in the form of three-
dimensional objects in Figure 6. The designations of the de-
posit geological model are also given here.

The geological wireframe model can be used as a basis
for the following types of work: visualization of the spatial
orientation of host rocks and ores, volume calculation, min-
ing of geological sections in any direction and the basis for
developing a geomechanical model of the deposit.

All the distinguished disturbances are included in the
structural model of the deposit. The results of constructing a
structural model are shown in Figure 7. The rock mass model
is a database of the mass strength parameters (physical-
mechanical rock properties), fracture frequency and the clas-
sification of the mass by ratings. The deposit block model is
a set of three-dimensional blocks (cubic, of different sizes in
space), with attributes inherent in blocks, which is based on a
two-dimensional data table, where rows are numbered
blocks, and columns are their attributes (characteristics).
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The block model has been developed on the basis of
wireframe modeling, that is, by direct filling closed solid-
state three-dimensional structures: “solids”-frames of any
bodies (for example, closed bodies of lithology). The dimen-
sions of the BM cells are 10x10x5.

Having developed a geomechanical model of the deposit,
the authors obtain a general pattern of the rock mass geome-
chanical state in the Severny Katpar open pit in 3D space. In
the future, the geomechanical model can be used to solve
such problems as:

—assessment of the stability of the open-pit walls at
different angles of the open-pit slopes;

—the rock dump impact on the stability of the open-pit
walls;

— the optimal drilling grid for drilling and blasting operations;

—the impact of surface mining on underground
mine workings if a combined mining method is planned in
the future, etc.

The use of programs such as Rocscience, K-MINE and
their analogues, taking into account the mass structure,
makes it possible for the geomechanical service of the mine,
when working with the geomechanical block model, to
quickly make adjustments, calculations, identify the least
stable local areas and to make informed technical decisions
to eliminate them directly in-situ without involvement of
specialized organizations.

5. Conclusions

This paper presents the results of research on the stability
of the open-pit walls along the transverse, longitudinal and
diagonal engineering-geological sections, which are typical
for the near-wall open-pit zone in the final position, taking
into account the deepening up to an absolute mark of
+320 m, with numerical mathematical modeling and identifi-
cation of potentially hazardous areas. Methods for calculat-
ing the stability of the open-pit walls have been selected
(A. Bishop, E. Spencer, Fellenius and Yanbu methods), as
well as reliably tested in practice when substantiating the
parameters of the walls in other open pits of Kazakhstan and
neighboring countries.

For the selected geological sections, the wall stability has
been assessed, taking into account the projected contour of
the open-pit sides. Calculations have been made for the fol-
lowing geological sections: I-1, A-A, B-B, 45, and 46. The
mathematical calculation results of the stability of the pro-
jected contour walls in the Severny Katpar open pit have
been summarized. The calculations have been performed for
the full projected open-pit depth, that is, about 385 m.

In the Southern and South-Western area of the Severny
Katpar open-pit side, on horizons +700...+400, a decrease in
the SF is observed due to the predominance of siltstones in
the walls and the presence of tectonic disturbances. However,
it varies from 1.18 to 1.41, which indicates that the walls are
stable. On the upper horizons of the Southern and South-
Eastern open-pit walls in the 44, 46-47 profile line areas, on
horizons with an absolute mark of +700...+660, there are
areas with a stability factor value close to the maximum
allowable (SF = 1).

Based on the available geological sections, horizon plans
and the results of engineering-geological surveys, a geologi-
cal wireframe model (GWM) of the Severny Katpar deposit
has been constructed using the Surpac geoinformation sys-
tem. This is a digital block geomechanical model to ensure
the stable state of the walls and ledges of the open pit when
mining up to 400 m.
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OOrpyHTyBaHHSl NapaMeTpiB YIPaBJIiHHSA IipCbKMM MACHMBOM HA OCHOBI
reomMexaHiyHoi Moaesi ponosuma Ilisniunuii Katnap, Kazaxcran

B. Tonosxan, B. /Ipomin, JK. Amamxkono, A. Cmaryinosa, I'. Tanekeesa, 111. 3aipos, O. Kpykosckuii, E. Kabana

Merta. CTBOpeHHsI TeOMeXaHIuHOi Mozeni i 3a0e3neueHHsT Oe3MeKH BeJCHHS TipHUYUX POOIT 32 PaxyHOK BU3HAUCHHS ONTHMANbHUX
KYTiB YKOCIB Ta IMOBIpHOCTI OIIIHKHK CTiHKOCTi OOPTIB Kap epy.

Metoauka. CTBOpEHHSI TPUBHMIPHHX T€OMEXaHIYHHX MoJelied po3poOKH PONOBHI BIIKPHTHM CHOCOOOM, BHXOISYH 3 PO3PAXYHKIB
koedimienra 3amacy criiikocti (Safety Factor — SF) GoprtiB kap’epy, 3ailicHIOBaJocs y mporpami Rocscience MIomo HampyXeHo-
neopMOBaHOTO CTaHy TipCHKOI'O MAacHBY HANPHKIHII BiANPAIIOBaHHS METOJOM CKIHYEHHHX €JeMEHTIiB. ['eoJoriuHa KapKacHa MOJEINb
(I'KM) Oyna noOymoBaHa Ha OCHOBI HAasBHHX TI€OJIOTIYHHMX pO3pi3iB, IUIAHIB TOPHU3OHTIB Ta PpE3YJIbTATIB IPOBEACHHX IHXKCHEPHO-
TEOJIOTIYHUX AOCII/IKEHB 3a JOMIOMOTOI0 TeoiH(popMaliitHoO cuctemu Surpac.

Pe3ynbraTn. Busnaueno koediuient 3umkenHs MinHocTi (Strength reduction factor — SRF) 3 ypaxyBauusAM (hi3MKO-MeXaHIYHUX BIac-
THUBOCTEW MOPiJ, M0 CKIIAIAIOTh MPUOOPTOBHUIA MacHB. [laHa OIiHKa CTIHKOCTI OOPTIB 3a BUIUIEHMMH T'€OJIOTIYHUMH PO3Pi3aMH 3 ypaxyBaH-
HSM TIPOEKTHOTO KOHTYpY OoptiB kap’epy IliBHiuamit Karmap. Po3paxyHOK cTifiKOCTi OOpTIB MPOEKTHOTO KOHTYPY Kap’e€py HeKiTbKoMa
PI3HMMH METOaMH IT0Ka3aB, 1110 HOro OOPTH 3arajioM € CTiIHKUMHU. Bu3HaueHo mapaMeTpu kap’epy Ha KiHelb BiIpallOBaHHs.

HaykoBa HoBH3HA. Briepiie BcTaHOBIICHO, 1110 Y IiBASHHIH Ta MiBJEHHO-3aXiqHil YacTuHI 60pTy Kap’epy IliBHiunuii Karnap Ha ropu-
3oHTax +700...+400 croctepiraerses 3umkenns K3IT (Bix 1.18 no 1.41) uepes nepeBaxkanHs B OOpTax ajqeBpOJITIB Ta HASIBHICTh TEKTOHIY-
HHX MOPYIICHb.

I[pakTHYHA 3HAYUMICTB. Y3aratbHeHi pe3yIbTaTd MaTEMaTHIHOTO PO3PAXYHKY CTIHKOCTI OOPTIB MPOEKTHOTO KOHTYpY Kap’epy IliBHi-
ganii Karnap ta moOymoBaHa reosioriyHa Ta CTPYKTypHa KapKacHa MOJETb POJOBHIIA A€ 3MOTY 3a0e3MeunTH Oe3NeKy BeNeHHS TIPHUIUX
poOiT Ha Kap’epi.

Knrouoei cnosa: xap ’ep, Hanpysceno-0epopmosano2o Cmamy, 2e0mexHiuna Mooeib, YKocC
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