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Abstract

More complete extraction of minerals from the subsurface by reducing their losses further actualizes the problems of
improving mathematical models of mining objects. The purpose of this work is to create geometric models of typical
complex-structured blocks (CSB) that can be extended to real CSB. They are based on mining and geological models
of virtual (typical) complex-structured ore blocks of the bench, consisting of scattered continuous (the first type) and
dispersed ore bodies (the second type). The key parameters of these blocks are coordinates of characteristic points of
isolated continuous and dispersed ore bodies, the lengths of segments of the contact lines between the ore bodies and
the host rocks, and the areas of the ore bodies on CSB cross-sections. They determine the mining and geological charac-
teristics (ore saturation, complexity of the geological and morphological structure of the block) of these objects. These
characteristics are analytically interrelated with geometric parameters of separated ore bodies and the size of the layer
of admixed rock or lost ore. They are the basis for the developed methodology of calculation of numerical values of
geometric and mining-geological characteristics of ore bodies and the block as a whole and geometric models of the
CSB. A computer program for automated determination of mining and geological characteristics of the CSB according
to the given initial key parameters of complex-structured blocks was created. An example of calculation of these char-
acteristics for typical complex-structured blocks is considered, and the significance of the research results in CSB
development is shown. The proposed methodology of calculation of mining and geological models of CSB is an infor-
mation basis for making decisions on economical and environmentally friendly development of complex-structured
blocks of benches. The research results can be used in the exploitation of real complex-structured deposits to signifi-
cantly reduce losses and dilution of minerals.
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Introduction

Various integrated geographic information systems are now widely used in the design, planning
and development of solid minerals. They are based on geological exploration data of specific fields.
The spatial distribution of minerals in the geological field under consideration is presented in the form
of general geological and mathematical models.

The problem of extracting more minerals from the subsoil by reducing losses makes it even more
important to improve the models of development sites. The use of software products containing the
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coordinates of landmark points of ore bodies, their areas, the lengths of segments separating them and
the host rock, the content of useful components in various ore bodies, and the physical, mechanical,
and technological properties of ore bodies will automate the labor-intensive process of geometrizing
complex mineral deposits.

Complex deposits are usually represented by a diverse combination of ore bodies and host rocks
(substandard ores) of complex configuration with varying sizes, physical, technical, and geological
characteristics. Contacts between conditioned and substandard ores are visually indistinguishable and
are of a probabilistic nature [1-3]. Their share at non-ferrous metallurgy enterprises of CIS countries
is 60-90 %, and operational losses of ore can reach 20-35 % [3-6].

The main reasons for high losses and depletion in open-pit mining of complex-structured minerals
are insufficient knowledge of the geological and morphological structure of complex-structured
blocks (CSB) of benches. There is a mismatch between the technologies used for excavation and
loading operations and the actual geological conditions of complex mineral deposits in the rock mass
and in a blasted state, as well as the use of specific methods for determining loss and dilution rates,
which are focused on geological objects with clear geological boundaries — veins, lenses, and strati-
fication of deposits. Quantitative and qualitative losses of minerals in them are usually established
for the contour areas of ore blocks [6, 7].

In the software products Datamine, Surpac, Micromine, etc., the problem of loss and dilution
management is considered on the scale of the whole deposit, but not in the section of a bench,
a separate mining unit (excavator drift). For their adaptation to geological objects of smaller scale
(horizon, bench) of complex configuration and structure there is a need to create appropriate mining
and geological, mathematical models that serve as a basis for the development of methods for deter-
mining and rationing of operational quantitative and qualitative losses in real conditions of minerals
development.

Naturally, the primary of these models is the mining and geological model of complex ore blocks
of benches. It explicitly depicts ore bodies in various cross-sections of the bench (transverse, longi-
tudinal, horizontal) and the locations of ore losses and dilution during their excavation from real
complex-structured ore blocks (CSOB). Such a model was first created by us for virtual complex-
structured ore blocks of benches [4, 5] and can serve as a basis for creating geometric models of
typical CSB of benches.

Literature review

Geometric modeling involves the construction of mathematical models that describe the geo-
metric properties of the object under study. It is based on analytical and differential geometry,
computational mathematics, calculus of variations, topology, and computer technologies.

Since its inception more than five decades ago, geometric solid modeling has been crucial for
engineering design purposes and is used in engineering software packages such as computer-aided
design, computer-aided manufacturing, computer-aided engineering, etc. [8].

The paper [9] presents a new approach to generate generalized developable cubic trigonometric
Bézier surfaces with shape parameters to solve the fundamental problem of local surface shape
tuning.

In [10] generalized Bernstein-type functions with different shape parameters are used. The
parametric and geometric conditions in generalized form are developed. Some numerical examples
of parametric continuity and geometric continuity constraints of generalized Bézier-type curves are
analyzed with graphical representation.

In [11], an algorithm is proposed for calculating a composite bicubic surface with a fixed frame-
work formed by longitudinal (along the x-axis) and transverse (along the y-axis) cubic splines. The
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equations of the frame lines are taken as the main boundary conditions. According to the proposed
algorithm, the task consists of two stages: first, the equations of the frame lines are found, then the
coefficients for the equations of the bicubic portions forming the bicubic surface are calculated. This
approach allows reducing the size of the characteristic matrix of the system of linear equations relative
to the coefficients included in the surface equation.

The paper [12] presents the main aspects of modeling special objects for mining enterprises that
are not found in civil and industrial construction projects — quarry surfaces, underground mine workings
of various configurations, volumetric rock blocks, and earth masses. The article demonstrates ways
of using information modeling, which is actively developing in the field of construction, which in-
volves the creation of a unified information model of an object that reflects the entire life cycle of a
structure from design to operation and further liquidation of the deposit. This will help avoid most
mistakes during the design phase and enable real-time monitoring of extraction and processing during
preparatory and cleanup work. The models created for mining enterprises demonstrate the possibili-
ties of using software for information modeling and creating a unified object file from the design
stage to the completion of mining operations, and further on to the accounting of reclamation or use
of the object in a new functional capacity.

The geometrization of qualitative and physical indicators and chemical properties of rocks and
minerals is of particular importance for ore deposits, which is one of the most important tasks of
mining enterprises [13]. The graphical-analytical method allows establishing the distribution
of component content and creating a spatial model of the deposit to determine the relationships
between them [14]. These tasks can be solved on the basis of a complex of studies aimed at geometri-
zation, statistical evaluation of the deposit, modeling and monitoring of its shape, properties, and
volumes [15].

Geologists and mining engineers commonly use geometric and geostatistical methods to estimate
tonnage and grade of ore reserves [16]. However, no clear estimates of the differences between these
methods have been reported in the literature. To fill this research gap, a comparative study of the
quality reserves of the Oyo-Iwa limestone deposit located in Nigeria using geometric and geostatis-
tical methods is carried out. The geometric method is effective for estimating tonnage, while the
geostatistical method, in the authors’ opinion, is more suitable, reliable, and preferable for estimating
grade [16].

Work [17] provides a comprehensive review of articles in which machine learning was used to
assess mineral resources. The review discusses popular machine learning methods, their implemen-
tation, and limitations. Articles that conducted a comparative analysis of traditional and machine
learning methods were also reviewed. Machine learning models can take into account several geo-
logical parameters and effectively approximate complex nonlinear relationships between them,
demonstrating superior performance compared to traditional methods.

Geostatistical methods are usually practical at the development and production stages of mining
projects. However, when developing deposits with heterogeneous mineral content, they do not take
this feature into account [18]. The variability and unevenness of iron ore content require in-depth
scientific study with the creation of appropriate geometric models.

In [19], the Itakpe (Nigeria) iron ore deposit is re-examined using geostatistical and artificial
neural network techniques. The exploration dataset of the deposit is used to develop a normal kriging
model that gives the minimum error.

In [20], the authors propose methods for assessing the qualitative indicators of minerals based on
block modeling technologies using modern mining and geological information systems (MGIS). One
of the modeling stages is the construction of wireframe models of ore bodies, which is essentially geo-
metric modeling.

An improvement in the methodology for geometrizing the quality indicators of iron ore deposits
has been demonstrated for the construction of a mining-geometric model of the deposit that would
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make it possible to describe the patterns of distribution of the most important quality indicators in
space [21]. The improved methods allow predicting the quality indicators of mineral extraction for
solving the tasks of prospective and current planning of mining operations. It is shown that it is
advisable to use a system of equations of a multidimensional random geochemical field as a mathe-
matical description of the elements of the predicted rock mass.

Geometric modeling is an important tool for demonstrating and confirming the qualitative and
quantitative indicators of ore saturation of a separate site or deposit as a whole in two-dimensional
and three-dimensional spaces. The construction of a geometric model strongly depends on the quality
of input data and the reliability of geological information, their volume and frequency of updating.
Acrticle [22] discusses dynamic data update as one of the metrics for evaluating three-dimensional
geological modeling methods.

Using implicit modeling in Leapfrog Geo software, a 3D lithological model was created that
matches the shape and orientation (strike and dip) of the rocks obtained from surface mapping [23].
Implicit modeling is accurate, flexible, and efficient compared to explicit methodology. It was used
as a semi-automatic tool, as it was necessary to refine the modeling parameters in accordance with
local geological characteristics.

An algorithm of spatial constraints has been developed for constructing a synthetic (virtual) ore
body model based on incomplete geological exploration data for mineral deposits, in particular the
Malmberget iron ore deposit (Sweden) [24]. The authors propose using a generated block model of the
deposit to predict the impact of mineral extraction in order to select the optimal mining strategy.

In [25], combinatorial constraints of multiple fields are presented for implicit modeling of ore
bodies based on the idea of interpolation of implicit function fields. Three basic combinations of inter-
section, union and difference are defined to represent the combined relationship between subfields.
Experimental results from several datasets demonstrate that multiple field combination constraints are
applicable to a range of typical situations in implicit ore body modeling. Implicit modeling is a
promising method for ore body modeling. However, when borehole data are scarce with large intervals,
reconstructions without manual constraints are likely to lead to discontinuities. The reliability of im-
plicit modeling with insufficient drillhole data depends largely on the construction of interpolation
constraints and geological rules.

In [26], a method is also presented to improve the 3D model of ore bodies in the Xiangxibei lead-
zinc deposit in northwestern Hunan County (China). It is based on big data analysis to offset the effect
of uncertainty and lack of exploration data on the grade of minerals. In general, these methods can
improve the mineral reserves planning strategy and better predict the geometry of ore bodies.

In [27], an example of using the Delaunay grid to build a geometric model of ore bodies with a
more accurate shape, in contrast to the classical quadrilateral shape, is shown. Delaunay grid allowed
to achieve high accuracy in calculations and modeling of physical processes occurring in ore bodies.
The results show the importance of taking into account the shape of the geometric model of ore bodies
for further mining calculations.

In [28], the Hermite Radial Basis Function algorithm is used to directly interpolate the boundary
points of the geological data of the borehole and its normal direction to realize the construction of an
implicit 3D ore body model. This method has a high degree of automation, high geometric quality of
the model and fast update speed, in contrast to the contouring methods of ore bodies.

Work [29] highlights the distinctive features of information technologies in mining. Examples
are given of the digitization of planning and geomechanical safety assurance for mining operations,
mass blasting, and backfilling. The most important element of digital technology in mining is the
information system, whose main purpose is to create models of mining technology objects and pro-
vide tools for using these models in solving engineering problems in mining operations. Due to the

19
This is an open access article under the CC BY 4.0 license



& Journal of Mining Institute. 2026. Vol. 278. P. 16-29
© Bayan R. Rakishev, Abdraman I. Edilbaev, Auzhan S. Sakabekov, Asfandiyar A. Orynbay,
Nazira A. Mekebai, Temirlan S. Ibyrkhanov, 2026

specific nature of mining (the absence of identical deposits and natural conditions for mining opera-
tions, constant changes in the geometry of the mined space, the influence of economic factors on the
sequence of mining units, etc.), mining and geological information systems are usually used to work
with the corresponding models. The authors note that the availability of a digital model of a mining
enterprise opens up wide opportunities for the automation of technological processes, improving the
safety of mining operations and transitioning to low-labor technologies, which will ultimately reduce
the cost of mineral extraction.

One of the most important classes of software used in mining enterprises are mining and geo-
logical information systems — information systems for the comprehensive automation of geological,
surveying, and technological tasks when working with vector, frame, and block models of mining
technology objects. MGIS allows to obtain reliable information about the deposit at each stage of
exploration, design, and operation by using three-dimensional geological and geomechanical models,
determining the patterns of distribution of useful and harmful components of minerals for a compre-
hensive analysis of scenarios for the sequence of deposit development, selecting the most effective
technologies and equipment, and assessing the risk level of design solutions and their economic effi-
ciency [30].

The process of introducing digital technologies in mining is evolutionary in nature and began
with the advent of electronic computers in large enterprises, design and scientific organizations. At the
initial stage, the use of computers in mining technology was mainly for demonstration purposes. The
development of work in this direction led to the differentiation of the general system into separate
areas: mining and geological information systems; geomechanical safety systems; dispatching; and
solutions to specific mining technology problems. One of the areas of digital transformation is MGIS,
which has evolved from assessing deposit reserves to modeling mining technology facilities, tools for
solving surveying tasks, and designing and planning mining operations. Assessing the functionality of
MGIS known on the market, it can be stated that their current level of development generally meets
the requirements of the “Digital mine” —a way of representing mining technology objects and mining
technology processes in the form of digital models that describe the properties and behavior of real
objects in a unified digital space of the enterprise. The next stage of digital transformation is the
digital twin, which can be characterized as a “Digital mine” with real-time communication links
between existing equipment units and their digital models. The creation of a digital twin involves
real-time reproduction of the functioning of a natural-technical system, reflecting its actual or pre-
dicted state [31].

Current trends in the development of information support tools for mining technology dictate the
need for a comprehensive solution to technological problems based on a single software platform that
ensures rapid adaptation of basic functionality to the conditions of a mining enterprise and the deve-
lopment of new functionality. The ideology of building and developing information systems is of key
importance in this regard. The modeling methodology proposed in the study [32] is suitable for
solving the current tasks of the geological service of mining enterprises. Software tools and instru-
ments have been developed, such as the selection of ore condition and grade intervals, multi-criteria
sampling of survey data to estimate the reserves of useful components in the deposit as a whole and
in mining units, as well as interactive input of geophysical surveys for underground mining operations.
The program builds block and sub-block models of different parts of the deposit, but it is not specified
how individual ore bodies in the array are taken into account.

A review of the literature shows that issues of global and local mathematical (geometric) modeling
of mineral deposits and their constituent elements are relevant and important. Problems of more com-
plete extraction of minerals from the subsoil require a reliable assessment of the geological and
morphological structure of complex deposits in the section of the benches, their individual blocks
undergoing mining. The degree of complexity of the structure of such deposits is determined by the

20
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2026. Vol. 278. P. 16-29
© Bayan R. Rakishev, Abdraman I. Edilbaev, Auzhan S. Sakabekov, Asfandiyar A. Orynbay,
Nazira A. Mekebai, Temirlan S. Ibyrkhanov, 2026

number of ore and rock layers, their thickness and angle of dip, as well as the number of ore grades
requiring separate extraction.

The article justifies the creation of geometric models of typical CSB of benches — elements of
complex-structured mineral deposits.

Research methods

Types of complex-structured blocks of benches and their mining and geological characteristics.
The geometric models of typical CSB of benches are based on the geometric dimensions of scattered
continuous ore bodies with identified content of useful components, contact lines with host rocks
(non-conforming ores), thickness of mixed rocks (non-conforming ores), and mining and geological
characteristics. The purpose of geometric modeling of complex-structured bench blocks is not only
to represent as accurately as possible the dimensions, boundaries of ore bodies, internal geometry of
the deposit, content and value of useful components in them, but also to analytically describe the
relationship between the mining and technological characteristics of the bench CSB and the specified
properties.

The theoretical interpretation of the works [2-5] shows that, based on the nature of the spatial
arrangement of ore bodies in a bench block and their geometric parameters, complex-structured bench
blocks can generally be divided into two types.

In the new, modernized classification of complex-structured bench blocks, ore bodies are under-
stood as volumes of conditioned ore reserves established based on the results of analysis of blasthole
samples and other geophysical methods. They do not always coincide with the balance reserves of
ores, since they are identified as a result of further exploration. It is also assumed that rock interlayers
contain non-marketable ores.

The first type of CSB of benches includes blocks composed of scattered continuous ore bodies
of various shapes and sizes, with certain physical, mechanical, and technological properties, as well
as the content of useful and harmful components. They have straight-line contacts with the host rock
layers [4, 5] (Fig.1).

The second type of CSB of benches is represented by blocks composed of scattered ore bodies
in the form of geometric figures of various shapes and sizes, for example, polygons with certain
physical, mechanical, and technological properties and containing useful and harmful components.
They have straight-line contacts with the host rocks [4, 5] (Fig.2).

The CSB diagrams shown in Fig.1, 2 allow the geometric parameters of the geological and mor-
phological structure of the block to be classified based on an analytical description of their techno-
logical characteristics.

Ore
Rock

Fig.1. Complex-structured blocks of benches composed of scattered continuous ore bodies

h — block height; a — layer thickness; 3a — block width; S; —area of the i-th ore body, i=1,2, ..., 7;
Ay, A, ..., D3 — characteristic points of ore bodies; A;As, B1By, B2Bs, ..., DiD, — lengths of contact lines
of the i-th ore body with the host rocks; o — the bench slope angle; B — the dip angle of the ore body
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Fig.2. Complex structural blocks composed of scattered ore bodies

Si — area of the i-th ore body, i =1, 2, ..., 9; Ay, A,, ..., D7 — characteristic points of ore bodies;
A;B;, BiB,, ..., CsCg, CsDs, CsDs — lengths of the contact lines of the i-th ore body with the surrounding rocks

The most common and relatively easy-to-measure values [4, 5] are considered as the desired
mining and geological characteristics: the ore yield coefficient and the index of complexity of the
geological and morphological structure of the block.

The ore yield coefficient of the block is calculated for a given section using the formula [4, 5]

=3'S,/S,; (1)
i=1
across the entire block according to the dependence

kOy o 12_1(28 /S j
where S; is the area of the i-th ore body on a given block section, m?; Sy, is the area of the section of
the complex-structured block under consideration, m?; n is the number of ore bodies; m is the number
of sections per block; j is the index of the current block section.

The coefficient of complexity of the geological and morphological structure of the block at the
section under consideration is determined by the dependence [4]

k, =31t/3S,, )
i=1 i=1
where l; is the length of the contact lines of the i-th ore body with the host rocks (substandard ores)
at a given section, m; t is the thickness of the layer of host rocks (ores) that fall into the ore mass
(shipped rock) during excavation, m.

Results

Dimensions of elements of geometric models of typical complex-structured blocks. In order to
reveal in more detail the essence of the proposed models and methods for determining the geometric
parameters of the geological structure of complex-structured mineral deposits, their numerical values
for the types of CSB under consideration were analyzed. In the calculations given, the height of the
block is taken to be equal to the height of the bench — 10 m, the width of the smallest worked block
is 9 m, and the angle of the bench slope is 65°.

To create geometric models of typical complex-structured blocks, it is first necessary to find the
coordinates of characteristic points of scattered continuous and dispersed ore bodies of the CSB.
In Fig.1, 2, these are the vertices of the ore body elements — points Aj, Bi, Ci, Di. For analytical deter-
mination of their coordinates, the abscissa axis of the Cartesian coordinate system is drawn along the
base of the bench floor, and the ordinate axis is drawn through point Aj, the intersection point of the
axes O is the origin of coordinates.
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The coordinates of characteristic points of the CSB (see Fig.1, 2) are determined by the formulas:
Xi = (1 —wyi)h-ctga + Gia; yi = vih, (3)

where i is the ratio of the ordinate of the i-th point to the height of the bench; h is the height of the
bench, m; Gj is the component of the abscissa of the i-th point in the block in fractions of the layer
thickness a, m.

The ordinates of characteristic points of complex-structured blocks are determined by direct
measurement on the block section. The index v is introduced for their generalized representation. The
numerical values of y for given sections of various types of CSB are given in Table 1.

Table 1
Numerical values of \ for characteristic points of CSB types | and 11
Point A1 A2 As Bi1 B2 Bs B4 Bs Bs B7 Bs
| i 1.0 1.0 0.66 0.33 0.69 1.0 1.0 1.0 0.77 0.38 0
Point C1 C Cs Cy Cs Cs Cr D1 D> D3
i 0.08 0.47 0.83 0.53 0.14 0 0 0 0.22 0

Point AL A2 Az As As As A7 B1 B> B3 Ba Bs Bs B7

I " 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.66 | 066 | 0.61 | 0.72 | 0.66 | 0.66 | 0.75

Point C1 C Cs Cy Cs Cs C7 D: D> Ds D4 Ds Dse D7
" 050 | 0.33 | 0.33 | 0.33 0.5 0.33 | 0.33 0 0 0 0 0 0 0

The numerical values of G are given in Table 2.

Table 2
Numerical values of G for characteristic points of CSB types | and 11
Point A1 Az Az B1 B2 B3 Ba Bs Be B7 Bs
I G 0 a 0 0 a 1.76a 2a 2.55a 2a a 0
Point C1 C> Cs Ca Cs Ce Cs D1 D> D3
G a 2a 3a 3a 2a 1.6a a 2.4a 3a 3a
Point A1 A2 As A4 As As A7 B B> Bs B4 Bs Be Bz
I G 0 0.5a a 1.5a 2a 2.5a 3a 0 0.5a a 1.5a 2a 2.5a 3a
Point C1 C2 Cs Ca Cs Cs C7 D1 D> Ds Da Ds Ds D7
G 0 0.5a a 1.5a 2a 2.5a 3a 0 0.5a a 1.5a 2a 2.5a 3a

The automatically calculated values of the ore body parameters are given in Tables 3-6. The
numerical values of the coordinates of characteristic points Aj, Bi, Ci, Di, found using formulas (3),
are given in Table 3.

Table 3
Calculated values of coordinates of characteristic points of CSB types | and 11, m
Point A1 Az Az B1 B2 B3 Ba Bs Bs Bv Bs
| Xi, Yi 0; 10 9;10 |1.58;6.6|3.12;3.3(10.44;6.9/15.84; 10| 18;10 |(22.95;10|19.07; 7.7(11.88; 3.8| 4.66; 0
Point Ci1 C2 Cs Cs Cs Ce Cr D1 D2 D3

xi, Vi |13.28;0.8|20.46;4.7|27.79; 8.3|29.19;5.3|22.01; 1.4| 19.06;0 | 13.66;0 | 26.26;0 |30.63;2.2| 31.66;0

Point A1 A2 Az A4 As As A7 B1 B> Bs B4 Bs Bs Bz

Xi Vi 0; 4.5; 9; 13.5; 18; 22.5; 27; 1.58; | 6.8; |10.81;|14.81;|19.58; |24.08; | 28.17;

I ’_ 10 10 10 10 10 10 10 6.6 6.6 6.1 7.2 6.6 6.6 75

Point C1 C2 Cs Ca Cs Ce Cz D1 D2 D3 D4 Ds Ds D7

Xi Vi 2.33; | 7.62; | 12.12; | 16.62; | 20.33; | 25.62; | 30.12; | 4.66; | 9.16; | 13.66; | 18.16; | 22.66; | 27.16; | 31.66;
' 5 3.3 3.3 3.3 5 3.3 3.3 0 0 0 0 0 0 0

The lengths of the contact line segments of the i-th ore body with the host rock (substandard ore)
CSB are determined by the formula [33]

L= —%) +(Ya- %), (4)

where X1, y1 are the coordinates of the beginning, x2, y- are the coordinates of the end of the segment under
consideration, m.
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., D1D2 (see Fig.1), calcu-
., CsCs, CsDs, CeDs (Fig.2) are given in Table 4.

Table 4
Calculated values of segments of contact lines of ore bodies of types CSB | and Il, m

| Segment | AsA2 BiB2 B2Bs BgB7 B7Bs BeBs CiC CoCs CeCs CsCs DiD2

Length 7.84 8.15 6.22 8.16 8.16 451 8.16 8.16 3.26 8.16 4.89
Segment | A2B2 | BiB2 | BaBs | B2Cz | BsCs | CoCs | CiCo | CoD2 | AsBs | BsBa | A4Bs | BaBs | BaCa | CuCs
I Length | 3.75 | 449 | 476 | 3.64 | 3.09 | 45 | 556 | 364 | 430 | 413 | 3.09 | 482 | 431 | 4.07
Segment | BsCs | C3Cs | C4Ds | C3D3 | AsBs | BsBs | AeBs | BeB7 | BeCs | CeC7 | CsCs | CsDs | CeDs
Length 1.76 4.5 364 | 3.64 | 376 | 449 | 375 | 414 | 3.64 4.5 556 | 523 | 3.64

The areas of ore bodies represented on cross-sections (see Fig.1, 2) in the form of polygons are
calculated using the Gauss area formula

1 |n-1 n-1
Si ZE § XiYia T X Y1 — éxmyi =X Yl

(5)

where n is the number of vertices of the polygon, i = 1, 2, ..., n; X1, y1 are the coordinates of the
vertices of the polygon (characteristic points of the CSB), m.
The numerical values of the ore body areas found using formula (5) are given in Table 5.

Table 5
Calculated values of the areas of ore bodies of CSB types | and I1, m?
| Area S1 S2 S3 Sq Ss Se S7
Value 15.3 28.78 27.65 5.69 22.26 28.38 5.94
I Area S1 S2 S3 Sq Ss Se S7 Ss Sg
Value 15.28 13.72 18.34 15.07 12.36 14.85 15.28 16.88 18.67

Development of complex-structured ore blocks without operational losses. The developed
methodology for determining the numerical values of model elements and the creation of geometric
models of typical CSB are reliable tools for managing the level of quantitative and qualitative losses
during the exploitation of complex-structured deposits.

When selectively extracting minerals from scattered continuous (see Fig.1) and dispersed ore
bodies (Fig.2), their areas undergo changes associated with the over- or under-extraction of a certain
volume of the contact layer of rock (substandard ore) and the ore. The thickness of the layer is t, and
the area of the layer at a given section is AS; = lit. When t is located behind the contact line, depletion
occurs; when it is located inside the contact line, losses occur.

It is necessary to provide for the technological capabilities of complete (loss-free) extraction of
minerals from complex-structured ore blocks. The contours of standard ores S; are usually established
on the basis of a technical and economic analysis using the permissible minimum value of the profile
useful component (UC) in the ore .. Ores with a UC content below d. are considered substandard
and are included in the host rock. It is known that the decrease in UC content in substandard ores dso
with removal from the ore body contour occurs smoothly according to the dependence of the type
dso = Ad¢, Where A is the proportionality coefficient. According to the study [5], at distances from the
ore body contour equal to 0.25, 0.4, and 0.5 m, A is 0.75, 0.6, and 0.4, respectively.

In the case of admixture (over-sorting) of a certain portion of substandard ore, the UC content
in the shipped ore is determined with an acceptable error using the formula [5]

_S M,
il Si +ASiSO ic
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where ASis is the area of the i-th mixed layer of substandard ore, m?; A is the coefficient expressing
the change in mineral content in a given layer of substandard ore.

When dii is close to dic (relative deviation not exceeding 5 %), the volume of the layer of sub-
standard ore of permissible thickness to be mixed in is determined by the specific conditions of the
ore body location in the CSB. In particular, for the copper ore deposit considered in the work [5], the
permissible layer thickness was 0.4 m, complete extraction of conformable ores from complex-struc-
tured bench blocks was achieved, and the relative deviation d; did not exceed 2.5 %. This confirms
that the admixture of a layer of substandard ores of certain sizes has practically no effect on the
required quality of the shipped ore mass.

Thus, with the new approach to the development of complex-structured blocks, the presumed
diluting part of substandard ores is transferred to the category of recoverable reserves. As a result, the
volume of ore recovered and the expanded recovery of useful components in the concentrate increase.
Such an increase in useful components can reach 10-15 % of the total volume of production. The use
of developed geometric models of complex-structured blocks of deposit benches creates the condi-
tions for a significant increase in the completeness of mineral extraction from the Earth's interior.

Automated determination of the geometric dimensions of elements and mining-geological charac-
teristics of complex-structured blocks. To implement this, using the data in Tables 3-5, the desired
mining-geological characteristics of complex-structured blocks were found using formulas (1)
and (2): the ore content coefficient and the block geological structure complexity index. They were
also calculated for each ore body of the complex-structured block. To make it more specific, three
options for mining typical complex-structured blocks were considered. In the first option, the widths
of the mined blocks A1CoD3Bs (see Fig.1), A1A7D7 D1 (Fig.2) are equal to 3a; in the second option,
the widths of blocks A1B4DoBs (see Fig.1), A1AsDsD1 (Fig.2) are equal to 2a; in the third variant, the
widths of blocks A1A2C7Bs (see Fig.1), A1AsDsD1 (Fig.2) are equal to a. The numerical values of the
ore body areas, the lengths of their contact lines with the host rocks (substandard ores), the ore content
coefficients, and the complexity of the geological and morphological structure of the block, found in
an automated mode in the cases under consideration, are summarized in Table 6.

Table 6
Calculated values of geometric dimensions of elements and mining and geological indicators of CSB
I and 11 types in three variants of their development
Option | 1
1 $1=153m% li=AsA2=8.16m S1=153m% |1 =AB2+BiB2=8.25m
S2+ S3+ S4=61.69 m? S2=13.73m? l2=B2 B3+ B3Cs + C2C3 + B2C2 = 15.99 m
l2 + I3 = (B1B + BgB7) + (B2Bs + B7Bs + BeBs) = 35.22 m | S3=18.67m? I3 =CiC2+ CoD2=9.2m
_ 2 S4=15.07 m% l2= AsB3+ B3Bs+ AsB2=11.53 m
S+ So = 4851 m S5 =12.37 m?; s = B4Cs + C4Cs + BsCs + B4Bs = 14.96
ls + Is = (C1C2 + CsCs) + (CoCs + CsCa) = 28.64 m 52831 15 = Baba + Lals+ Bebs+ Babs = L4.50m
S =594 m% I = DiDs=4.89m Se = 14.85 m*; ls = C3D3 + C3C4 + C4Ds = 11.78 m
Fo ORI e = e = A $7=15.3m? 7 = AsBs + BsBs + AeBs = 12 m
For individual ore bodies: Sg=16.87 m% ls= BsB7+ BsCs + CsC7=12.32 m
kic=0.133; koc = 0.143; kac = 0.148; kac = 0.206 So = 18.67 m?; lg = CsDs + CsCs + CeDs = 14.71 m
For the block as a whole: For individual ore bodies:
koy=0.49; ke =0.15 kic = 0.135; kac = 0.291; kac =0.123; kac = 0.191,
ksc = 0.302; kec =0.198; k7c = 0.196; ksc =0.183; koc = 0.197
For the block as a whole:
koy = 052, kc =0.2
2 S1=153m? l1=AsA2=8.16m S1=15.3m? l1=AB2 +BiB2=8.25m
S2 +Ss =57.64 m? S2=13.73 m?% l2=ByBs+ BsCs+ C2C3+ B2C2=15.99 m
I2+ 13= (B1B2 + BsB7) + (B2Bs + B7Bg) = 30.71 m S3=18.67 m?; I3=CiC2+C2D2=9.2m
S5=22.23m? ls=CiCo+ CeC5=12.32m S4=15.07 m?; l2= AsBs+ BsBs+ AsBa=11.53 m
S5=12.37 m?% |5 = B4aCs + C4Cs + BsCs + BsBs = 14.96 m
S6=14.85m?% lg=C3D3+ C3Ca+ CsDs=11.78 m
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End of Table 6

Option | 1

For individual ore bodies:
kic = 0.135; koc = 0.291; ks = 0.123,
Kac = 0.191; ksc = 0.267; kec = 0.198

For the block as a whole:
koy =0.5; ke=0.19

For individual ore bodies:
kic = 0.133; koc = 0.133; kac = 0.138

For the block as a whole:
koy =0.53; ke=0.13

3 S$1=153m% lh=A3A2=8.16m
$2=28.8m% l,=BiB2+BgBr=16.32m
For individual ore bodies:

kic=0.133; koc=0.141

For the block as a whole:
koy =0.49; ke=0.14

S1=15.3m?% l1=AB2+B1B2=8.25m
S»=13.73 m?, |2 =B2B3 + BsCs + C2C3 + B2C2 = 15.99 m
S3=18.67 m?, I3=CiC2+ C2D2=9.2m

For individual ore bodies:
kic =0.134; kzc = 0.235; k3. =0.123

For the block as a whole:
koy = 0.53; kc=0.16

For automated determination of the dimensions of geometric elements and mining and geological
indicators of the CSB, a program was developed on the .NET 8 platform in the Visual Studio software
environment in C# (Fig.3). The initial parameters of the block are entered into the program: bench
height h, slope angle o, block width a, thickness of the mixed rock or ore layer t (Fig.3).

To take into account the geometric dimensions of a separate ore body, the parameters y and G
are entered into the corresponding cells by pressing the “Add ore body” button (Fig.3). When the
indicators are entered, the program automatically calculates the coordinates of the characteristic
points of the ore bodies using formula (3), the length of the contact line segments using equation (4),
the cross-sectional area of the ore body using expression (5), and the complexity coefficient of the
geological and morphological structure of each ore body and the block as a whole using formula (2).

When calculating the lengths of the contact lines of ore bodies with host rocks (substandard
ores), it was taken into account that the total length of the contact lines | is equal to the sum of the
lengths of the ore body in contact with the host rocks (substandard ores) CSB (Fig.4).

After entering the geometric data of all ore bodies into the program by pressing the “Calculate
coefficients” button, the ore yield coefficient and the complexity index of the geological and mor-
phological structure of the entire block are determined (see Fig.3).

-

G CSBs = [m] >
Bench height, h, m 10 Ore saturation factor 052
Slope angle, o, deg 60 Structure complexity index 02
Block width, a, m 27
s ad_mmed 025 Calculation of coefficients
layers thickness, t, m i
Indicator 0503300
Indicator G 18:225:225:18

Add ore body | | Clear
Cre body number Length of contact line  Ore body area Complexity factor

1 Dc|Dc| 8.425981830489455 | 15.299999999999997 | 0.13767944167466434

2 Dc|Dc| 16.358380912275987 [ 13.725000000000003 | 0.207966865433078

3 Dc|Dc|9.548570275389334 | 18.674999999999994 | 0.1278389595095974

4 Dc|Dc| 11.754896980168144 | 15.075000000000028 | 0.19494024842733204

5 Dc|Dc| 15.14193142128174 | 12.374999999999986 | 0.30589760447033854

4 Dc|Dc| 12.121023553303061 | 14.850000000000009 | 0.20405763557749249

7 Dc|De| 12.35196366097891 [ 15.30000000000004 |0.2018294715846222

8 Dc|Dc| 12.391377226475138 | 16.87499999999998 |0.18357595891074302

9 Dc|Dc| 15.32307296728559 | 18.674999999999997 | 0.20512815217249789

Fig.3. Example of calculating the geometric and mining-geological characteristics of a type 11 CSB (first option)
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As can be seen from Table 6, the ore content
coefficients of the first type of CSB for the con-
sidered variants are 0.49, 0.53, and 0.49, respec-
tively, and for the second type, they are 0.52, 0.5,
and 0.53. The complexity coefficients of the geo-
logical and morphological structure of the first type
of CSB are 0.15, 0.13, and 0.14, and for the second
type, they are 0.2, 0.19, and 0.16. Thus, according
to the classification given in [4], both types of CSB
are moderately ore-bearing (koy =0.6-0.4) and
complex in structure (kc=0.1-0.2). A similar
analysis can be performed for real complex-
structured blocks of mineral deposits to select
the most effective development technologies.

Discussion

It is justified that the key elements of geo-
metric models of complex-structured blocks of
benches are scattered continuous and dispersed
ore bodies of various shapes and sizes with dif-
ferent physical, mechanical, and technological
properties, as well as varying proportions of use-
ful and harmful components. The Cartesian coor-
dinates of the characteristic points of the vertices
of these bodies, the lengths of the segments of the
contact lines of the ore bodies with the host rocks
(substandard ores), and the areas of the ore bodies
on the CSB sections are the key characteristics of
the geometric models of complex-structured
blocks. The combination of these characteristics,
together with the size of the admixture layer of sub-
standard ores (or the layer of standard ores shipped
to the dump), determines the generalized techno-
logical parameter of the CSB — an indicator of the
complexity of the geological and morphological
structure of the block. This parameter is used to
classify complex-structured blocks of benches.

Thus, the combination of graphical represen-
tations of geological sections of typical complex-
structured blocks of benches, coordinates of
characteristic points of scattered continuous and
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G1=Gz&
(Gi=1|Gi=a)

For an ore body:

2 2
b=\ =) + (2= 1)’
n-1 n-1

2% Visl + X1 = 2 Xiy1Vi — K1 Va5
i=l

i=1

1
Sf =5

xi = (1 — yi)h-ctga + Gia; i = yih;
ke = Iit/S

Are all
ore bodies
included?

No

Yes

For the block as a whole:
n n

ke =p 20128 s
i=1 =l

m

koy =Y 8;/ 8,

i=1

End

Fig.4. Block diagram of the program for calculating
the dimensions geometric elements of the CSB

p — a certain proportionality coefficient, m, in the special case p =t

dispersed ore bodies, lengths of contact lines of ore bodies with host rocks, areas of ore bodies and
host rocks, which determine the mining and geological characteristics of complex-structured ore
blocks of a bench, represent geometric models of CSB. They serve as an information base for cre-
ating geometric models of real complex-structured mineral deposits, allowing for the best decisions
to be made regarding the economical and environmentally friendly development of complex-struc-

tured bench blocks.

The research results can be applied, for example, at the Aktogay and Bozshakol copper deposits
(Kazakhstan) and others, to ensure the sustainable operation of mining and metallurgical enterprises in
a situation of systematic deterioration of the mining and geological conditions for mineral development.
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Conclusion

A new modernized typology of complex-structured bench blocks has been proposed, and
mining-geological models of complex-structured blocks have been improved. Geometric models of
typical complex-structured bench blocks have been created, and the elements of these models have
been substantiated.

A methodology has been developed for determining the numerical values of the elements of
geometric models: Cartesian coordinates of characteristic points of scattered and dispersed CSB
bodies, lengths of contact lines between ore bodies and host rocks (substandard ores), areas of ore
bodies, rational thickness of the admixture layer of substandard ores, and mining and geological
characteristics of the block. An automated system for determining these values has been created.

The combination of graphical representations of cross-sections of typical complex-structured
blocks and their mining and geological characteristics constitutes a geometric model of complex-
structured bench blocks.

The developed geometric models of typical complex-structured blocks serve as the basis for
creating geometric models of real CSB and developing models of CSB in a blasted state. They allow:

* Predict and standardize ore losses and dilution during the development of complex structural
blocks.

* Develop a methodology for standardizing ore losses and dilution for real CSB.

* Select rational parameters for technologies for extracting scattered ore bodies in specific
mining and geological conditions.

» Expand the use of low-waste technologies in the exploitation of complex-structured mineral
deposits.

* Improve the efficiency of using the Earth's georesources.
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