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WIREFRAME MODELING TO OPTIMIZE OPEN-PIT PARAMETERS
OF BOGUTY TUNGSTEN DEPOSIT (KAZAKHSTAN)

Purpose. Comprehensive analysis of the mining-geological and technological conditions of the Boguty deposit
(Kazakhstan) to develop science-based recommendations for enhancing mining efficiency through digital modeling
methods.

Methodology. The research employs an integrated approach, including 3D wireframe modeling of ore bodies, GIS
analysis of exploration data, and techno-economic optimization of mining parameters. Slope stability modeling and
assessment were performed using Micromine, Surpac, and Rocscience (Examine2D) software suites, accounting for
structural-tectonic features and the hydrodynamic regime of the rock mass.

Findings. It was established that optimizing drilling and blasting parameters — increasing bench height to 15 m and
the working face angle to 75° — reduces operational losses to 2.9 % and the dilution coefficient to 6.4 %. Precision
geometrization of the deposits was shown to ensure high mining selectivity and a 15—20 % reduction in oversize yield.
Economic analysis confirmed the project’s high profitability (NPV ~$320 million, IRR 18—20 %) while ensuring
regulatory slope stability.

Originality. An integrated wireframe modeling methodology was developed, considering the synergistic impact of
tectonic disturbances and ore body morphology on reserve recovery indicators. For the first time for this specific site,
a mathematical relationship between the geometry of the working bench and the quality of the extracted raw materials
has been substantiated.

Practical value. The proposed technological solutions enhance the completeness of mineral extraction, reduce ore
production costs to $18—20/t, and minimize the environmental footprint. The developed methodological approach-
es can be adapted for open-pit design at deposits with similarly complex structural conditions.
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Introduction. The development of the mining indus-
try in the modern world plays a key role in ensuring the
energy, raw material, and economic security of coun-
tries. The mineral resource base is the foundation for the
functioning of metallurgical, construction, energy, and
other related industries. In this regard, the efficient and
rational development of solid mineral deposits acquires
not only economic but also strategic significance [1, 2].

Kazakhstan, possessing significant reserves of min-
eral resources, including non-ferrous and ferrous met-
als, is one of the leading participants in the global min-
eral market. In the structure of the republic’s mineral
resource complex, a significant place is occupied by de-
posits of copper, lead, zinc, gold, iron, and other metals
that ensure the formation of the country’s export poten-
tial. At the same time, under conditions of increasing
competition and globalization of the economy, mining
enterprises in Kazakhstan face the tasks of increasing
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the efficiency of deposit development, reducing produc-
tion costs, minimizing environmental risks, and ensur-
ing sustainable development [3].

Special attention in recent years has been paid to the
improvement of open-pit mining technologies. The
open-pit mining method is widespread due to its versa-
tility, relative simplicity of production process organiza-
tion, high productivity, and the possibility of using
modern highly efficient machinery and equipment.
However, open-pit mining involves a number of com-
plexities: increasing volumes of stripping operations, the
need to ensure the stability of quarry slopes, the safety of
drilling and blasting operations, rational organization of
transport flows, and the processing of large volumes of
ore with varying quality [4, 5].

One of the promising objects for open-pit mining is
the Boguty tungsten deposit, located in Central Ka-
zakhstan. This object is characterized by favorable geo-
logical and mining-technical conditions, which makes it
attractive for industrial development. At the same time,
the specificity of the deposit requires a comprehensive
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scientific analysis, including the study of geological fea-
tures, tectonics, hydrogeological conditions, the min-
eral and chemical composition of ores and rocks, as well
as the evaluation of techno-economic development in-
dicators [6, 7].

The relevance of the study of the Boguty deposit is
determined by a number of factors.

In conditions of growing global demand for non-
ferrous and ferrous metals, the development of new de-
posits in Kazakhstan will strengthen the country’s posi-
tion in the global mineral resource market.

The deposit represents a unique object for studying
geological and hydrogeological processes, patterns of
ore body formation, and the influence of tectonic dis-
turbances on the distribution of useful components.

The site’s specific characteristics allow for the imple-
mentation of advanced techniques in ore processing,
transport, and drill-and-blast operations, ultimately
boosting overall operational productivity.

Modern approaches to deposit development require
taking into account the principles of sustainable devel-
opment, minimizing negative environmental impacts,
and the rational use of natural resources.

Literature review. Increasing the efficiency of solid
mineral deposit development and the rational use of the
mineral resource base are priority tasks of modern min-
ing science [8, 9]. In [8], development systems for steep-
ly dipping thin ore bodies are substantiated, and depen-
dencies of dilution and labor productivity on the thick-
ness of the deposit are established for the first time. The
study [9] is dedicated to the investigation of rare-metal
mineralization in specific geological conditions of Ka-
zakhstan using aerial photography for precise geometri-
zation of objects.

Ensuring the stability of quarry slopes during their
deepening requires a detailed study of the stress-strain
state of the rock mass [7, 10]. Article [10] proposes a
methodology for identifying vulnerable sections of
slopes based on creating models of the stress-strain state
of the near-pit rock mass using laser scanning data. The
authors of study [7] conducted a numerical analysis of
rock stability under tectonic fault conditions using the
Examine 2D software, which allowed for the identifica-
tion of potential instability zones around the workings.

The transition to intelligent design is based on the
integration of geomechanical analysis and modern digi-
tal tools [11, 12]. In study [11], a basis for selecting opti-
mal development systems during the transition from
open-pit to underground operations was developed, tak-
ing into account the systematization of the rock mass by
stability categories. In turn, the authors of article [12]
proposed an intelligent approach to predicting surface
subsidence based on the Sparrow Search Algorithm and
gradient boosting (XGBoost), proving the high reliabil-
ity of neural network models.

Optimization of drilling and blasting operations
(D&B) parameters is a key factor in reducing losses and
increasing safety [13, 14]. In study [13], the effectiveness
of the sectional formation of cut cavities was experimen-
tally proven, allowing for an increase in the blast hole
utilization factor (BUF) from 0.88 to 0.97. In work [14],
based on Chapo’s law, the damping coefficient of the
rock mass was determined to control and minimize the
seismic impact of explosions on critical infrastructure.

The final stage of optimizing the quarry field param-
eters is a comprehensive account of economic indicators
and the completeness of reserve extraction [6, 15]. Arti-
cle [6] presents an assessment of the impact of losses
and dilution on the profitability of gold deposits, prov-
ing the significance of these factors for the value-added
chain. Article [15] substantiates the possibility of opti-
mizing the design contours of deep quarries using 3D
modeling in RS3 software to ensure maximum com-
pleteness of ore extraction while maintaining stability.

Unsolved aspects of the problem. The conducted
analysis shows that despite the existence of fundamental
research in the field of geomechanical modeling [10, 11]
and digitalization of mining production [12, 16], the is-
sues of their integrated application for the specific con-
ditions of the Boguty deposit remain insufficiently stud-
ied. In particular, the literature lacks a unified method-
ology that allows for a comprehensive linkage of preci-
sion wireframe modeling of complex morphology ore
bodies with the operational optimization of D&B pa-
rameters to minimize qualitative and quantitative ore
losses [6, 13]. Thus, there is an objective need for the
development of science-based recommendations that
combine geological, technological, and economic fac-
tors into a single system for optimizing quarry field pa-
rameters specifically for the conditions of Central Ka-
zakhstan.

The purpose of this study is to conduct a comprehen-
sive analysis of the mining-geological and technological
conditions of the Boguty deposit to develop science-
based recommendations for enhancing the efficiency of
its development using digital modeling methods.

To achieve the set goal, the following tasks are ad-
dressed in the work:

- study of the geological features of the deposit, in-
cluding tectonics, mineral and chemical composition
of ores;

- analysis of hydrogeological conditions and their
influence on the development technology;

- construction of wireframe models of ore bodies to
refine reserves and optimize quarry parameters;

- investigation of mining-technical conditions, in-
cluding stripping ratios, development systems, and
transport schemes;

- substantiation of drilling and blasting parameters
and analysis of their influence on ore losses and dilution;

- determination of loss and dilution coefficients,
identification of factors affecting their magnitude;

- assessment of techno-economic indicators of de-
posit development;

- formulation of practical recommendations for en-
suring environmental and production efficiency.

Methods. The information base for constructing
wireframe models was an array of exploration data, in-
cluding the results of core drilling, well logging, as well as
panning and lithogeochemical sampling data. Geome-
trization and verification of the spatial position of ore
bodies were carried out based on a comprehensive struc-
tural-geological interpretation of the obtained materials
to ensure the reliability of subsequent calculations [17].

The technological cycle for constructing wireframe
models was implemented using specialized mining and
geological information systems (MGIS) — Micromine
and Surpac. The choice of these software suites is justi-
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fied by their ability to provide high accuracy in the inter-
polation of geological data and their wide functionality
for optimizing open-pit mining parameters [18]. The
triangulation algorithms underlying the MGIS made it
possible to create reliable geometric representations of
ore bodies, providing a digital foundation for the subse-
quent design of the quarry field mining stages (Fig. 1).

Results. Mining-geological and hydrogeological char-
acteristics of development conditions. The object of re-
search — the Boguty tungsten deposit — is located within
the Central Kazakhstan metallogenic zone, character-
ized by the wide distribution of non-ferrous metal for-
mations and a diversity of geological structures (Fig. 2)
[19, 20]. The area is distinguished by a complex geologi-
cal structure, where the interaction of formations vary-
ing in age and composition determines the specifics of
ore-forming processes and the variability of the mineral
composition of ores.

The deposit is characterized by a developed trans-
port infrastructure: the proximity of highways and rail-
ways significantly simplifies the material and technical
support of mining operations. The specifics of the re-
gion’s natural and climatic conditions (deficit of surface
water and low winter temperatures) were taken into ac-
count when designing water supply systems and select-
ing mining and transport equipment to ensure its con-
tinuous operation.

The topography of the area is a plain with absolute
elevations of 300—500 m above sea level. The absence of
permanent surface watercourses near the site determines
the leading role of groundwater in the hydrogeological

Fig. 1. Design variant in plan view with a calculated
quarry cross-section
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Fig. 2. Object of study

balance of the deposit, which is a decisive factor in the
design of dewatering and technical water supply systems.

The geological basement of the area is represented
by ancient metamorphic and igneous complexes, over-
lain by younger sedimentary strata. The structural het-
erogeneity of the deposit is due to the presence of sev-
eral blocks separated by tectonic disturbances. It was
established that specifically the zones of tectonic activity
served as the main channels for ore-forming fluids,
which determined the morphology of the ore bodies and
the localization of useful components.

The high metallogenic potential of the area is due to
a combination of intensive magmatism, metasomatic
rock alterations, and the active functioning of hydro-
thermal faults. These factors determined the formation
in Central Kazakhstan of a number of significant depos-
its of copper, polymetallic ores, gold, and iron, with
which the Boguty deposit belongs to the same metallo-
genic series.

The Boguty deposit is of significant industrial inter-
est as a promising object for open-pit mining. The fa-
vorable morphology of the ore bodies and their occur-
rence at a relatively shallow depth ensure high techno-
economic efficiency of reserve extraction by the open-
pit method (Fig. 3).

The characteristics of the material composition and
structural-tectonic framework of the Boguty deposit are
defined by high complexity and the presence of multiple
ore-controlling factors. These geological conditions de-
termine the patterns of spatial distribution of minerals
and the specifics of the parameters for their industrial
development.

The lithological section of the deposit is represented
by several large geological complexes. The basement of
the territory is composed of Archean and Proterozoic
metamorphosed strata — gneisses, amphibolites, and
quartzites. These rocks are characterized by the highest
strength indicators and serve as a rigid foundation for
the overlying formations [21].

The overlying horizons are represented by a Paleozoic
complex of igneous (granites, diorites, granodiorites) and
volcanic (andesites, dacites, and their tuffs) rocks. Car-
bonate formations — limestones and dolomites — play a
special role in the structure of the deposit, acting in most
cases as the host environment for the ore bodies.

The tectonic structure of the deposit is character-
ized by the presence of several systems of faults striking
northeast and northwest. These zones act as the pri-
mary ore-controlling structures: intensive circulation
of hydrothermal solutions occurred along them, which
determined the localization and morphology of indus-
trial ore bodies.

Fig. 3. Topographic map of the deposit
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The choice of the open-pit mining method for the
Boguty deposit is driven by the shallow depth of the pri-
mary ore zones, ranging from surface outcrops to a max-
imum depth of 80 meters. This surface extraction ap-
proach offers significant economic advantages by avoid-
ing the high initial capital required for complex under-
ground infrastructure and shaft sinking. The open-pit
mining method allows for effective control of mining-
technical parameters, the use of high-performance
drilling and blasting equipment, and large-unit-capacity
quarry machinery for the transportation of ore and over-
burden [22].

The local hydrogeology lacks any continuous surface
streams or significant water basins. Consequently,
groundwater recharge relies heavily on rainfall and
snowmelt. Given the severe continental climate, water
seepage into the rock mass is intermittent and extremely
uneven, which determines the specifics of the ground-
water regime formation.

Groundwater is confined to zones of increased frac-
turing in igneous and metamorphic complexes, as well
as to carbonate strata, occurring at depths of 40—70 m.
Borehole productivity remains minimal (between 0.5
and 2.5 1/s) under low-pressure conditions, suggesting
that early mining phases will not encounter major water
ingress issues. Chemically, the groundwater features
moderate salinity levels (0.5 to 1.5 g/I) and is classified
as sulfate-bicarbonate. Occasionally, the concentration
of sulfates and iron requires preliminary purification be-
fore technical use. Given the risk of a drawdown reduc-
tion in the groundwater level and the potential impact
on the ecosystem, the development project provides for
a set of measures to monitor and protect water resources
to maintain the hydrodynamic balance of the region.

The tectonic structure of the area determines the
patterns of formation and spatial localization of the ore
bodies of the Boguty deposit [23]. The main ore-con-
trolling function is performed by systems of faults in
northeast and northwest directions. These structures
provided pathways for the intrusion of igneous melts
and the subsequent circulation of hydrothermal fluids,
which led to the formation of industrial mineralization.

The multi-stage nature of tectonic movements led to
the superposition of mineralization stages of different
ages, which determined the heterogeneous internal
structure of the ore bodies and significant variability in
their thicknesses. Despite the high geodynamic stability
of the area, which favors open-pit mining operations,
the presence of zones of increased fracturing requires
the implementation of special engineering measures to
ensure the stability of the pit walls, especially when min-
ing deep horizons.

The qualitative indicators of the Boguty deposit ores
are determined by the content of the main useful com-
ponents and their technological properties, which dic-
tate the choice of the processing scheme. The average
tungsten content in the industrial contours is 0.178 %.
The distribution of mineralization is characterized by a
high degree of unevenness: both high-grade areas with
content up to 0.25—0.30 % and low-grade zones (less
than 0.1 %) are recorded. This variability necessitates
the use of selective mining and enhanced operational
geological quality control of the extracted rock mass.
According to physical and mechanical properties, the

ores are characterized by medium and high strength (the
hardness coefficient on the M.M. Protodyakonov scale
is 8—12), which requires high intensity of drilling and
blasting fragmentation when preparing the rock mass for
excavation [24, 25].

The oxidation zone, localized in the near-surface
horizons of the deposit, is represented by secondary
copper minerals: malachite, azurite, and cuprite. De-
spite the simplified technological schemes for process-
ing these ores, their volume in the total reserve balance
is limited. The results of technological tests for amena-
bility to processing indicate high efficiency of the flota-
tion method for sulfide ores: the recovery coefficient
during enrichment reaches 60%.

The calculation of the recoverable value of tungsten
and the ultimate stripping ratio for open-pit mining are
given in Table 1.

Digital modeling of ore body morphology and geome-
chanical parameters of the quarry. The application of
wireframe modeling methods allows for the complex
optimization of the geometric parameters of the quarry
field [26]. During the study, rational slope angles, bench
heights, and working platform widths were determined,
and a precision forecast of rock mass volumes, levels of
technological losses, and dilution was performed. The
high accuracy of the spatial coordination of the design
contours of the workings with the morphology of the ore
bodies allowed for minimizing the risks of geometric de-
viations and excluding excessive involvement of host
rocks in the production cycle.

At the same time, the open-pit mining method is as-
sociated with anumber oftechnological challenges. A key
limitation is the necessity of moving significant volumes
of overburden, which leads to an increase in the strip-
ping ratio and requires substantial organizational and
technical resources. As the quarry deepens, the impor-
tance of ensuring slope stability, organizing effective de-
watering systems, and minimizing dust emissions in-
creases [27]. Solving these tasks requires high-precision
spatial analysis, which is implemented through digital
modeling.

A key tool in preparing the Boguty deposit for indus-
trial development is the construction of wireframe
(three-dimensional) models of the ore bodies. Imple-
menting 3D computer modeling enables accurate spatial
evaluation of ore body shapes, depths, and thicknesses.
Furthermore, these digital tools facilitate a comprehen-

Table 1

Indicators of recoverable ore value and ultimate
parameters of open-pit mining

Indicator Unit ( QVS zlllirey)
Cost of 1 t of tungsten $ 19,000
concentrate
Amount of commercial ore t 102,560,000
Average grade % 0.178
Amount of metal in ore t 182,557
Recovery rate during processing % 60
Recovered amount of tungsten t 109,534.2
Revenue from tungsten sales thousand $ | 2,081,149.8
Recoverable value per 1t of ore $ 29.43
Ultimate stripping ratio t/t 7.85

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2026, N2 4 31



sive visual representation of how mineralized zones in-
teract with the surrounding geological and tectonic
structures.

The analysis of the constructed wireframe models of
the Boguty deposit allowed for the identification of a
complex spatial configuration of the ore bodies, repre-
sented by a combination of lenticular, vein-like, and
stockwork morphotypes. In certain areas, zones of junc-
tion and interference of several ore bodies were record-
ed, forming single complex-structured mineralized
zones, which requires special attention when designing
the mining contours.

Visualization of the results of the geometrization of
the deposits is presented in Fig. 4: the integrated wire-
frame model reflects the spatial position of the balance
ore bodies (Fig. 4, 7) and the general structure of miner-
alization, taking into account off-balance reserves
(Fig. 4, 2). Such a comparison allows for evaluating the
prospects for expanding the boundaries of open-pit
mining and the feasibility of selective extraction of low-
grade ores [28].

The use of the developed wireframe models allowed
for an integrated approach to solving the following engi-
neering tasks:

- refinement of industrial reserve volumes and pre-
dictive resource modeling within the design pit limits;

- geometric optimization of the quarry design pa-
rameters, taking into account the morphology of the ore
bodies;

- technological planning of drilling, blasting, and
mining-transport operations;

- scientific substantiation of decisions to minimize
ore loss and dilution indicators when mining complex-
structured zones.

To assess the geomechanical stability of the quarry’s
structural elements, modeling of the stress-strain state
(SSS) of the rock mass was performed using the Roc-
science software suite (Figs. 5, 6).

Based on the results of modeling the structural-
tectonic situation in the Rocscience software suite,
three hierarchical types of tectonic disturbances deter-
mining the stability and morphology of the object were
identified:

1. Deep-seated regional-scale faults — form the
structural framework of the deposit and determine the
spatial position of igneous intrusions.

2. Second-order faults — act as the main migration
channels for ore-controlling fluids; characterized by the
development of intensive crushing and silicification
zones.

Fig. 4. Combined wireframe model of balance ores:
1 — plan view; 2 — north view at a —15° angle
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3. Micro-fracturing and shear zones — play a deci-
sive role in the localization of vein ore bodies and the
formation of their internal morphology.

The average stripping ratio (the ratio of overburden
mass to the mass of extracted ore) obtained as a result of
the design contour optimization is 2.5—3.0. This indica-
tor correlates with average industry values for similar
deposits in Kazakhstan, confirming the high profitabil-
ity and economic feasibility of the open-pit reserve de-
velopment method within the identified boundaries.

The lithological composition of the overburden is
represented mainly by granitoids, quartzites, and schists.
The high strength properties of these lithotypes neces-
sitate the use of the drilling and blasting method for pre-
paring the rock mass for excavation at all stripping hori-
zons. Minimizing the stripping ratio and increasing the
overall efficiency of mining operations are achieved
through geometric optimization of the opening-up
schemes, rational tracing of transport communications
and ramps, as well as the implementation of progressive
technologies for external and internal waste dumping.

Based on the completed complex of design and ana-
Iytical work, a science-based open-pit mining system
using digital wireframe modeling has been formed for
the Boguty deposit. The optimization of the quarry field
parameters was implemented based on a multi-factor
analysis of geological, mining-technical, and economic
indicators.

A deepening mining system using motor transport
and combined (external and internal) dumping was ad-
opted as the primary system. The adopted technological
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scheme provides for the phased deepening of the quarry
with the extraction of the rock mass in horizontal layers
(benches) 15 m high. The geometric parameters of the
design contour are defined by the following values:

- working platform width — 25—30 m;

- working bench face angle — 65—70°;

- final pit wall angle — 45—50°.

The results of analytical calculations (Table 2)
confirmed that with a bench height of 10 m and a
working face angle of 75°, the minimum allowable
working platform width is 45.6 m. This parameter ful-
ly complies with regulatory industrial safety require-
ments and provides conditions for the high-perfor-
mance operation of the excavator-transport complex.
Taking into account the dimensions of the excavation-
loading and transport equipment used when loading
rock mass into dump trucks, the working platform
width is taken to be 46 m.

Reserve extraction provides for the application of se-
lective mining: high-grade ores are transported directly
to the processing plant, while low-grade raw material is
stockpiled in specialized dumps to form a technogenic
resource for subsequent involvement in processing.

The quarry transport scheme is based on the use of
motor transport. As the primary fleet at the initial stage,
mining dump trucks with a payload capacity of 55-90 t
have been adopted. In the long term, as the quarry depth
and transportation volumes increase, the introduction of
equipment with a payload capacity of up to 130 t is justi-
fied, which will significantly reduce the unit production
cost of rock mass haulage. The geometric parameters of
in-pit roads with a longitudinal gradient of 8—10 % fully
comply with industrial safety requirements.

The excavation and loading complex is represented
by a fleet of hydraulic and electric excavators with a
bucket capacity of 6—12 m?, providing the necessary
technological flexibility and high productivity for the se-
lective mining of various ore grades.

To optimize costs at deep horizons, the possibility of
transitioning to in-pit crushing and conveying (IPCC)
technology using conveyor transport is being consid-
ered. Despite significant capital investments, this solu-
tion will ensure a stable reduction in operating expenses
and increase environmental safety by reducing exhaust
emissions from mining equipment.

The drilling and blasting (D&B) method is the basic
technological process for preparing ore and overburden
for excavation at the Boguty deposit. As a result of opti-
mization, the following drilling parameters have been
established: borehole diameter: 165—250 mm; depth:
12—15 m. The drilling pattern is adopted differentially:
6 x 7 m for overburden and 5 x 6 m for ore bodies, due
to the need for higher quality fragmentation of the min-
eral. For blasting operations, ammonium nitrate-based
explosives (ANFO) and emulsion explosives are used in
combination with electronic initiation systems. The
implementation of short-delay blasting schemes with an
interval of 17—25 ms ensures uniform fragmentation of
the rock mass and minimization of seismic impact on
the pit walls and engineering structures [29]. The aver-
age oversize yield is 3—5 % with a powder factor at the
level of 0.4—0.6 kg/m3.

A comprehensive analysis of experimental data and
calculated indicators confirmed the existence of a cor-

Table 2
Parameters affecting the working platform width
Indicator Unit of Value
measurement
Bench height m 10
Working face angle deg 75
Height (radius) m 12.4
Excavator width m 21.0
Distance from the toe to the road axis m 2
Distance from the road axis to the m 2
potential collapse line (lower crest of
the safety berm)
Width of the blasted rock mass m 15.5
Safety berm width m 5.1
Minimum working platform width m 45.6
Table 3

Results of loss and dilution calculations for various
slope angles and bench heights

Working face angle, | Working face
Indicators deg angle, deg
7 | 15 | 8 [ 5] 8
Horizontal thickness, 286.2
m
Dip angle, deg 80
Height, m 10 | 15
Density, t/m? 2.74
Loss area, m’ 123 115 120 188 177
Dilution area, m? 199 | 162 | 166 24 1 0.95
Absolute loss indicator | 2.42 1.97 225 | 4.65 3.05
Absolute dilution 583 517 560 51 45
indicator
Balance reserves, t 7,841.8 | 7,841.8 | 7,841.8 | 7,841.8 | 7,841.8
Regulatory loss rate, % | 3.5 2.89 3.2 11.2 7.42
Regulatory dilution 7.9 6.4 6.6 9.5 6.4
rate, %

relation dependence between the geometric parameters
of the bench (height and slope angle) and the values of
technological losses and ore dilution (Table 3). It was
established that the optimization of these parameters
during 3D modeling allows for achieving the minimum
possible levels of dilution while maintaining the regula-
tory stability of the pit walls, which is critically impor-
tant for the effective mining of the deposit’s complex-
structured zones.

The evaluated data demonstrates a clear correla-
tion linking bench height and slope inclination with
the final ore extraction rates. Relying on various simu-
lation scenarios, the following values have been ap-
proved as design parameters: technological loss lev-
el — 2.9 %, dilution coefficient — 6.4 %. The obtained
indicators testify to the high efficiency of the chosen
geometric configuration of the quarry and allow for
minimizing the economic damage from the loss of
valuable components during the mining of complex-
structured zones.

It was established that varying the working face angle
in the range from 74 to 78° and increasing the bench
height from 10 to 15 m leads to a significant improve-
ment in recovery indicators: a reduction in technologi-
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Fig. 7. Dependence of losses and dilution on working
bench parameters

cal losses from 3.5 to 2.9 % and in the dilution coeffi-
cient from 7.9 to 6.4 % was recorded.

Based on the obtained data, the following parame-
ters were determined as optimal for the conditions of
the Boguty deposit: working bench slope angle — 75°,
bench height — 15 m. These design values ensure not
only the minimization of losses and dilution but also
guarantee the stability of the slopes while simultane-
ously increasing the productivity of drilling and blasting
(D&B) operations due to the increase in the volume of
the blasted block (Fig. 8).

The grain-size distribution (fragmentation) of the
blasted ore is characterized by a balanced distribution
across size classes: the fine fraction (<20 mm) ac-
counts for 25-30%, the medium fraction
(20—100 mm) — 45-50 %, and the coarse fraction
(>100 mm) — 20—25 %. Such a distribution ensures
high productivity of crushing and grinding equipment
at subsequent processing stages and contributes to re-
ducing specific energy consumption for comminu-
tion. The weighted average grade of the useful com-
ponent in the extracted ore was recorded at 1.2—1.4 %,
which fully complies with the established cutoff grade
requirements and confirms the high reliability of the
geological forecast and mining selectivity within the
design pit limits.
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Fig. 8. Drilling and blasting pattern for block No. 5-1685

The integration of wireframe modeling into the de-
sign process has provided a significant increase in the
economic and technological efficiency of mining opera-
tions. Optimized parameters guarantee regulatory slope
stability and the achievement of minimum levels of ore
loss (up to 2.9 %) and dilution (up to 6.4 %), which fully
aligns with international mining standards. The results
obtained confirm the methodological validity of the
proposed approach and the possibility of its scaling to
deposits with similar mining-geological and geome-
chanical conditions.

Optimization of mining parameters and techno-eco-
nomic development indicators. The techno-economic in-
dicators for the development of the Boguty tungsten
deposit confirm the high efficiency of the proposed so-
lutions. The annual design capacity of the quarry is
5 million tons of ore and 10 million tons of overburden,
with an average stripping ratio of 2.0. Labor productivity
is recorded at 500—600 t/person per month, and the ore
production cost is $18—20/t, which guarantees the en-
terprise’s competitiveness. According to predictive cal-
culations, the project possesses high investment charac-
teristics: the Net Present Value (NPV) is approximately
$320 million, the Internal Rate of Return (IRR) is
18—20 %, with a payback period of 6—7 years and a total
operational life of 25—30 years.

Model limitations and assumptions. The developed
digital model of the Boguty deposit and the results of
subsequent optimization of the quarry parameters
rely on a number of methodological assumptions ne-
cessitated by the complexity of the natural-techno-
genic system and the discrete nature of the initial in-
formation.

The primary assumption of wireframe modeling is
the hypothesis of the continuity of ore mineralization
between exploratory drill hole intersections [30]. Given
the significant variability in thickness and the complex
internal structure of the ore bodies identified during the
research, the actual position of “ore-host rock” con-
tacts may differ from the model in zones of intense tec-
tonic influence. The block model averages tungsten
grade indicators within an elementary block, which, at
the long-term planning stage, smooths the local hetero-
geneity of mineralization.

For pit wall stability simulations, the geological for-
mations were treated as a continuous, isotropic material
within specific rock types. Although fault zones were
incorporated, the simulation cannot perfectly mimic
the random distribution of micro-fractures across the
site. Additionally, drainage system designs rely on a con-
stant flow filtration regime that does not account for ex-
treme peak loads associated with abnormal atmospheric
precipitation or sudden changes in rock permeability at
deep horizons.

Predicted metal recovery rates (60 % for tungsten)
are adopted as constants based on the results of labora-
tory tests of representative ore samples. The model as-
sumes the preservation of the ore’s technological prop-
erties throughout the entire operational life of the quar-
ry. However, a possible change in mineral associations
with depth or an increase in the proportion of refractory
oxidized varieties may require adjustments to the re-
agent regimes, which in the current version of the mod-
el is considered an external risk factor.

34 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2026, N° 4



Long-term forecasting of economic indicators
(NPV, IRR) for a 25—30-year period was performed
based on current market conditions. The model as-
sumes a stable tax burden and a fixed discount rate.
The impact of global tungsten price volatility and in-
flationary processes on operating costs was accounted
for through sensitivity analysis; however, the base sce-
nario for optimizing the quarry contours remains de-
terministic and requires periodic recalculation in the
event of significant changes in the macroeconomic
environment.

Conclusions. The conducted comprehensive techno-
economic and mining-technical analysis confirms that
the industrial development of the Boguty tungsten de-
posit by the open-pit method is a highly efficient and
technologically sound project. The main results of the
study are as follows:

1. Digital Wireframe Modeling: The application of
3D modeling allowed for the adaptation of the design pit
limits to the complex morphology of the ore bodies.
Transitioning to a 15 m bench height and increasing the
working face angle to 75° ensures a reduction in techno-
logical losses to 2.9 % and a dilution coefficient 0of 6.4 %,
significantly exceeding the performance of traditional
design methods.

2. Blasting Efficiency: Test results confirmed that
using electronic initiation systems in combination with
selective mining reduces the oversize yield by 15—20 %,
ensuring uniform rock mass fragmentation and stable
operation of the excavator-transport complex.

3. Economic Viability: The project demonstrates
strong investment indicators (Net Present Value (NPV)
of $320 million, Internal Rate of Return (IRR) of
18—20 %) with a payback period of 6—7 years, guaran-
teeing the long-term competitiveness of the enterprise in
the global market.

An integrated approach to 3D modeling has been
developed, which, for the first time for this site, ac-
counts for the synergy of tectonic, hydrogeological,
and mining-technical factors. The relationships be-
tween bench geometry and the completeness of reserve
extraction in complex-structured deposits have been
substantiated.

The applied significance of this study is that its
methodological framework can be easily adapted for
other comparable mining sites. Adopting these strate-
gies leads to lower operational expenses while simulta-
neously shrinking the ecological footprint via optimized
resource extraction.

Further improvement of the presented methodol-
ogy is seen in the deep digitalization of subsurface re-
source management. A promising direction is the inte-
gration of wireframe models with Automated Fleet
Management Systems (FMS) and the implementation
of machine learning algorithms for dynamic, real-time
refinement of ore quality indicators. This will enable
the creation of a “Digital Twin” of the enterprise, pro-
viding a flexible response to changing mining-geologi-
cal conditions.
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Meta. KoMrutekcHUII aHali3y TipHAYO-Te0JIOTiy-
HUX i TEXHOJIOTIYHUX YMOB BOryTMHCHKOro ponoBuiiia
(KazaxcrtaH) a8 po3po0OKM HayKOBO OOIPYHTOBAHUX
peKOMEHIAIlil 100 MiABUIIEHHS €(PEKTUBHOCTI 1OTO
OCBOEHHS i3 3aCTOCYBaHHSIM METOIB LIU(PPOBOro MO-
TeJTIOBaHHSI.

Meromuka. Y [OCTiIKEHHI BUKOPUCTAHO KOMII-
JIGKCHUM TAXiA, 110 BKJIouae KapkacHe 3D-monento-
BaHHS PyIHUX Til, TeoiHdoOpMaliitHMil aHaTi3 maHUX
PO3BIIKM i TEXHIKO-€KOHOMIYHY OITHUMI3alilo Iapa-
MeTpiB BUA0OOYTKY. MojentoBaHHS i1 OLliHKA CTiAKOCTIi
OOpTiB BUKOHYBAJIMCS Y IIPOTpaMHUX KOMILIEKCAX
Micromine, Surpac i Rocscience (Examine2D) 3 ypaxy-
BaHHSIM CTPYKTYPHO-TEKTOHIUYHUX OCOOJMBOCTEH 1 Tifi-
POIMHAMIYHOIO PEXXUMY MaCHBY.

Pe3ynbTaTu. BcTaHOBNIEHO, 110 ONTUMI3allis Mapa-
MeTpPiB OYypOBMOYXOBUX POOIT — 30iJbLIEHHSI BUCOTU
ycTymy a0 15 M i KyTa Haxuity pobodoro 6opty 10 75° —
JIO3BOJISIE 3HU3UTU eKCITIyaTaliiiHi BTpatu no 2,9 %,
a KoeillieHT po3yboxyBaHHs 10 6,4 %. JloBeneHo, 110
Mpeun3iiiHa TeoMeTpHr3allisl MOKIauiB 3a0e3re4yye Bu-
COKY CEJIeKTUMBHICTh BUIMKM Ta CKOPOYEHHSI BUXOIY
Herabaputy Ha 15—20 %. ExoHoMiuHMIT aHAJi3 -
TBepOWB BHCOKY pEHTA0CIbHICTh TIpoeKTy (NPV
$320 muH, IRR 18—20 %) mpu 3abe3nedeHHi HOpMa-
TMBHOI CTiAKOCTi OOPTiB Kap’epy.

HaykoBa HoBu3Ha. Po3po0ieHa iHTerpoBaHa MeTO-
JIMKa MoOYI0BU KapKaCHUX MOJIEJIEN, 1110 BPaxOBYE CU-
HEepreTUYHUH BIUIMB TEKTOHIYHUX MOPYILIEHb i MOpdo-
JIOTi1 PYAHUX TiJ1 Ha MOKa3HUKW BUJIyYEHHs 3ariacis.
VYrepie 1151 yMOB JaHOTo 00’€KTa OOIpyHTOBaHA Ma-
TeMaTUYHa 3aJIeXXHICTh MiX TeOMeTpi€Elo pobovoro
YCTYITy U SIKICTIO CUPOBUHU, 1110 BUAOOYBAETHCSI.

IIpakTHyHa 3HAYMMIiCTh. 3aIIPOITIOHOBAHI TEXHOJIO-
TiyHi pillIeHHSI TO3BOJISIIOTH MiABUILUTU MTOBHOTY BU-
IMKM Hazp, 3HU3UTU COOIBAPTICTh BUMOOYTKY PYIU A0
18—20 $/1 i MiHiMi3yBaTH eKOJOTiYHE HABAHTAKEHHSI.
Po3pobieHi MeToanyHi MigX0au MOXYTh OYTH alanTo-
BaHi NI MPOEKTYBAHHS Kap’€piB Ha POMOBUIIAX 3i
CXOXVMMU CKJIAMHOCTPYKTYPHUMU YMOBaMU.

KmouoBi cioBa: xapkache modeniosanus, eiokpuma
po3pobKa, eeoinopmayiiini mexnonoeii, nPOEKMY8anHs
Kap’epie, cmanuii po3eumox
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