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ABSTRACT

The article presents a methodology for resource estimation of a phosphate deposit based on block
modeling. The advantages of applying regularization and geometric optimization algorithms for
mineable units are demonstrated, ensuring more accurate differentiation of ore grades and a
reduction in ore losses and dilution. A comparative analysis is conducted on the excavation of pit
benches with varying slope angles and equipment configurations. It is established that a block size
of 5m x5m provides an optimal balance between model accuracy and equipment productivity. The
most effective slope angle of the benches is determined based on equipment performance and
cost-efficiency. The results contribute to improving the accuracy of resource forecasting and the
overall economic viability of deposit development by significantly reducing operating costs and
enhancing the quality of extracted material. The study outlines practical approaches to selecting
appropriate equipment configurations for different mining scenarios. Special attention is paid to
the influence of excavation geometry on the performance of hydraulic excavators. The
methodology proposed can be applied to similar deposits with complex morphology. The research
findings may serve as a basis for developing more adaptive and data-driven mine planning
strategies.

Keywords: block modeling, reserves model, regularization, mineable shapes optimization, losses
and dilution, economic efficiency, selective mining.
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Introduction

At the current stage of
development,

block models have become the
primary tool for the geological and economic

size, each assigned specific attributes [[1], [2], [3],
[4]]. The primary purpose of a block model is to
provide a comprehensive assessment of the mineral
resource and to design the most rational mining
options,  taking into account geological,

mining industry

evaluation of mineral deposits. Building a block
model allows for a more accurate representation of
the spatial distribution of ore bodies and their
quality characteristics, as well as a sound basis for
resource estimation and economic assessment of
the deposit.

A block model is a digital representation of the
subsurface in the form of a set of blocks of defined

geotechnical, and economic factors [[5], [6]].

In many cases, the estimation of mineable
reserves is based on the "Methodological
Recommendations for Technological Design of
Open-Pit Mining Enterprises" dated September 19,
2013 [7]. At the same time, average benchmark
indicators for the entire deposit are typically used
for calculating operational losses and dilution [[8],
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[9], [10]]. This approach assumes bulk extraction of
the deposit without differentiating between high-
grade and low-grade ore types, leading to the loss of
benefit in the final product and potential enterprise
profit.

Rational subsoil use and achieving high
economic efficiency in the development of solid
mineral deposits are key priorities in today’s mining
industry. Accurate estimation of recoverable
reserves, based on geological modeling and analysis
of discrepancies between actual and projected
parameters, has become especially important [[11],
[12], [13]].

Resource block models reflect the total amount
of mineral material in situ, without accounting for
mining and technical constraints. Consequently, a
resource model does not provide a full picture of the
reserves that can feasibly be extracted during
deposit exploitation.

Experimental part

To improve the accuracy of recoverable
resource forecasting, a reserve model is developed.
This model represents an operational geological
block model that incorporates cut-off grade, the
geometry of mining units, ore losses, and dilution.
The reserve model is essential for pit optimization,
pit contour design, and mine scheduling with a
higher degree of reliability.

In global practice, the Lerchs-Grossmann
algorithm is widely recognized and commonly
applied for pit limit optimization [14]. This method is
actively used by leading mining companies due to its
ability to identify the most economically feasible pit
outline based on the balance between the value of
recoverable minerals and stripping costs.

A critical preliminary stage in reserve model
construction for subsequent optimization is
regularization—the process of converting block
model cells to a uniform size that corresponds to the
concept of a minimum mining unit [15].
Regularization enhances the realism of recoverable
resource estimation [16].

Regularization of the reserve model was carried
out using three different mining unit sizes:

3 m x 3 m — the minimum size based on bucket
width;

5 m x 5 m — aligned with the blast hole pattern
(Figure 1);

7 m x 7 m — used to evaluate the effect of
increasing the mining unit size on ore loss and
dilution indicators.

In all variants, the height of the mining unit was
7.5 meters, which corresponds to the adopted
bench height parameters. To differentiate ore
grades, the cut-off grade (COG) [17] for P,0Os was
applied: 28% for high-grade ore and 15% for low-
grade ore.

- high-grade
- low-grade

Figure 1 - Reserves model section with 5m x 5m
excavation unit size

Table 1 presents the variation in average P,0s
content, ore losses, and dilution levels depending on
the size of the mining block. As block size increases
from 3x3 m to 7x7 m, a consistent decline in ore
grade is observed, accompanied by higher dilution
and losses. These changes are particularly important
for thin-layered phosphate deposits, where selective
mining and ore quality preservation are critical.

Table 1 - P,Os content, ore losses and dilution depending
on the size of the mining block

Indicator Resource | 3m x 5m x 7m x
Model 3m 5m 7m
P20s 27.0% 24.7% 24.6% 24.4%
Losses 0.0% 15.7% 16.3% 17.3%
Dilution 0.0% 9.1% 9.5% 10.3%

Consequently, a block size of 5x5 m was selected
as optimal for further analysis, as it provides a
balance between modeling accuracy and the
technical feasibility of extraction. It corresponds to
the typical blast-hole drilling grid used on site and
maintains acceptable levels of dilution (9.5%) and
losses (16.3%), while still preserving the geometry of
the orebody more effectively than larger blocks. This
makes the 5x5 m configuration optimal for balancing
modeling accuracy and production feasibility in
subsequent mine planning stages.

A more advanced and accurate tool for creating
block models of mineral reserves is the Mineable
Stope Optimiser (MSO). This stope optimization
method features extensive configuration options
that define the areas within the resource model that
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can be economically extracted, taking into account
the specified geometry [[18], [19]].

MSO employs optimization algorithms to
generate mineable shapes based on financial,
geotechnical data, and operational constraints. It is
used to determine the ideal extraction geometry of
an orebody based on a block model. The primary
objective of MSO is to maximize financial returns by
generating mining units that align with geometric
and geotechnical parameters. The shape, geometry,
and geotechnical constraints are defined
independently for different zones of the same
orebody. Examples of geometric constraints include
the height, as well as the maximum and minimum
width of the mining units. These geometrical
constraints were applied to reflect realistic mining
conditions and evaluate the impact of varying slope
geometries on the shape and continuity of the
generated mineable units.

For inclined phosphorite ore bodies with a dip
angle ranging from 25° to 35°, MSO optimization was
carried out using two slope angle scenarios: 30°,
which approximates the average natural dip of the
deposit, and 40°, which simulates a steeper
extraction geometry aimed at increasing ore
recovery in areas with favorable geotechnical
conditions (Figure 2).

MSO 30
MSO 40

- high-grade
- low-grade

FKS

]

Figure 2 - Section of resource block model with MSO
frames with slope angles of 30° and 40°

The purpose of applying different slope angles in
the optimization process was to assess the
sensitivity of mineable shapes to variations in dip-
related constraints, as well as to compare the trade-
offs between ore recovery, operational selectivity,
and stability. By applying these angular parameters
during MSO geometrization, it was possible to
generate mineable units that better conform to the
geometry of the orebody, reduce over-excavation of
barren host rock, and improve the accuracy of
production planning.

The results of geometrization facilitate the
identification of grade distribution patterns within

the deposit, which are used in mine planning
processes and in the development of more efficient

ore preparation

operation [20].

Table 2 - Comparison of Regularized and MSO

technologies

at the mining

Block Model
Indicator 5mx5m MSO 40 MSO 30
P205 24.6% 25.1% 25.6%
Losses 16.3% 9.4% 7.4%
Dilution 9.5% 4.1% 3.1%

The comparison between the regularized block
model (5x5 m) and the MSO-generated geometries
at slope angles of 30° and 40° demonstrates a clear
improvement in orebody selectivity and overall
resource utilization when using MSO-based
optimization in Table 2.

The regularized 5x5 m block model yielded an
average P,Os grade of 24.6%, with ore losses
amounting to 16.3% and dilution reaching 9.5%. In
contrast, the MSO-based geometry with a 40° slope
produced a higher P,0s content of 25.1%, while
significantly reducing ore losses to 9.4% and dilution
to 4.1%. The most favorable results were obtained
with the 30° MSO scenario, where the P,0s grade
increased to 25.6%, ore losses were minimized to
7.4%, and dilution dropped to just 3.1%.

120% 30%
100% 25%

80% 20%
60% 15%
40%

10%

20% 5%

0% 0%

5mx5m 7mx7m

3mx3m

Resource
Model

MSO 40 MSO 30

N [ow-grade M high-grade P205, % = losses, % s dilution, %

Figure 3 - Relative analysis of block reserves models

As aresult of the comparative analysis (Figure 3),
it was established that the regularization of the
block model is associated with a number of
shortcomings. Among the main identified issues is
the insufficiently accurate separation of ore grades,
which leads to a significant reduction in the volume
of high-quality (rich) ore. Furthermore, the
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application of this approach results in elevated levels
of ore losses and dilution, which adversely affect the
economic performance of the project.

These findings indicate that the application of
MSO optimization, especially with a slope angle of
30°, allows for more accurate alignment of the
mineable shapes with the dip and geometry of the
orebody. This results in better preservation of high-
grade zones and minimizes the incorporation of
barren material. The significant reduction in both
losses and dilution contributes directly to higher
operational efficiency and improved product quality
during downstream processing.

In contrast, the use of the MSO algorithm allows
for a more precise and accurate delineation of
boundaries between ore, waste rock, and different
ore grades. The implementation of MSO contributes
to more effective reserve management and
improves the economic indicators of deposit
development.

Results and Discussions

In the course of analyzing the extraction
parameters for ore blocks, a technical and economic
feasibility assessment was carried out for the
application of different bench slope angles—30° and
40°—taking into account geometric constraints and
the operational capabilities of the selected mining
equipment. As a representative example, a Komatsu
PC1250 hydraulic backhoe excavator was chosen,
equipped with arms of varying lengths: 5.7 m, 4.5 m,
and 3.4 m [21]. The diagram (Figure 4) visually
presents three operational configurations of this
excavator. For comparative analysis, the contours of
the designed benches—generated using MSO
software frameworks—were superimposed: the red
line indicates the 30° slope bench, the blue line
represents the 40° slope bench, both designed for
bottom-digging operations. The purple line
illustrates the minimum feasible angle for top
digging, with a corresponding bench height of 7.5
meters.

The results of the conducted analysis indicate
that when the bench slope angle is 30°, excavation is
feasible only by performing two separate passes.
This significantly reduces excavator productivity,
extends operational cycle time, and leads to
additional costs associated with preparing working
platforms. In contrast, with a bench slope angle of
40°, efficient single-pass excavation becomes
possible, especially when using an excavator
equipped with a short boom (3.4 m). This

configuration allows for a considerable increase in
operational productivity, minimizes cycle time, and
optimizes costs related to the excavation process.
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Figure 4 - Scheme of ore blocks mining options
at angles of 30° and 40°

A comparative analysis of extractable ore
volumes based on models generated using the MSO
algorithm revealed no significant differences
between the 30° and 40° slope angle configurations.
Taking into account equipment performance and
the technological advantages of the steeper 40°
slope, the optimal mining solution involves the use
of a Komatsu PC1250 backhoe excavator with a 3.4-
meter arm lengh and a bucket capacity of 5.2 m3, or
equivalent equipment. In other cases, it becomes
necessary to use a smaller 3.4 m? bucket, resulting
in a noticeable decrease in productivity.

Thus, considering the identified technological
and economic advantages, the reserve model
constructed using the MSO algorithm with a 40°
bench slope angle was selected for the further
optimization of pit boundaries. This approach
ensures an optimal balance between equipment
productivity, operational safety, and overall
economic efficiency of the project.

Conclusion

Resource estimation using block modeling
significantly enhances the accuracy and reliability of
forecasts related to recoverable reserves. This
approach provides not only a detailed geometric

— 100——
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representation of the ore body but also integrates
data on qualitative and economic parameters,
making the model more adaptable to actual mining
conditions.

One of the key advantages is the ability to
implement selective mining, achieved through the
precise delineation of zones with varying
concentrations of the valuable component. This
enables minimization of losses and dilution,
increases the degree of reserve utilization, and
ensures consistent raw material quality.

Based on the block model, it becomes possible
to make a justified selection of mining equipment.
Block dimensions, dip angles, and geotechnical
parameters form the technical requirements for the
type and specifications of equipment used, including
excavators, drilling rigs, and haulage systems.

Block modeling contributes to transparent
decision-making and control at all stages of mine

operational production management. It creates a
unified digital environment in which deviations can
be easily tracked and adjustments to mine plans
promptly made. As a result, the enterprise gains
additional profit and increased project profitability
through the maximization of recoverable reserves,
while minimizing losses and reducing operational
costs.
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BNOKTbIK Mmogenbaeyai KongaHa oTbipbin KeH OpbiHAAPbIHbIH, KOpaapbiH 6afanay

'Mycuu P.A., YAwmwun M.T., Foauk A.B., *AxmatHypos .P.

1A. CarbiHo8 ambliHOarbl KaparaHObl mexHUKanbIK yHusepcumemi, KaparaHobl, Kazakcmax
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TYAIHAEME

Makanaga dochop KeH OpHbIHbIH, Kop/apblH 6afanay ywiH 6J0KTbIK Mogenbaeyre HerisgenreH
aficteme ycbiHbIIFaH. Kasbin anbliHaTbiH 6/10KTap reoMeTpuACbIH peTTey MeH OHTalnaHablpy
ANrOPUTMAEPIH KONAAHYAbIH, apTbIKLWbIIbIKTapbl KepceTinreH. byn Tacin KeHHiH TypAai copTTapbiH
[O2NIPEK aXKblpaTyFa, KEH XKOFaNyNapblH KaHe KyHapCbi3AaHAbIPYAbl a3aiTyFa MyMKIHAIK 6epesi.
OpTyp/i eHic bypblluTapbl MeH Kabablk KOHOUrypaumanapbiMeH KYMbIC iCTEWTIH Kapbephnik
caTblnapapl Kasy 6OWbIHWA canbiCTblpmanbl Tangay Kyprisingi. 5 m x 5 m 6onatblH 610K
enwemiHaAe MoAeNnbaiH, A3N4irN MeH Tay-KeH TEXHUKACbIHbIH, OHIMAiNIr apacbiHAa OHTAWbI Tene-
TeHAIK 601aTbIHbl aHbIKTaNAbl. TEXHMKA OHIMAINIM MeH LWbIFbIH THIMAiNIriHe Heri3gene oTbipbin,
caTblnapaplH, eH, TimAi eHic Bypbiwbl aHbIKTanabl. byn HaTuenep pecypcrapabl 6onKayabiH,
OANAITIH }KaHe KeH OPHbIH UrepyaiH 3KOHOMUKaNbIK TMIMAINITIH apTTblpyFa bIKNaa eTesi, COHbIMEeH
KaTap onepaumanbIK WbIFbIHAAPAbI €43Yip a3aiTbiN, asblHaTbiH MaTepUan canacbiH ¥KakcapTaapl.
3epTTey apTYpi Tay-KeH XaFaalinapbiHa CAMKeC KeneTiH XKabablk KOHGUIYpaLMACbIH TaHAAYAbIH,
NpaKTUKanblK TacinAepiH ycbiHaabl. Kasy reoMeTpuACbIHbIH rTMAPaBANKANbIK SKCKaBaTOpaapablH,
JKYMbIC TMiMAiNiriHe acepiHe epeKkle Has3ap ayAapblifaH. ¥CbiHblIFaH aaicTeme mopdonoruacl
KYpPAENi KeH OpblHAApbl YWiH Ae KOAAAHbIIybl MYMKiH. Byn 3epTTey HaTuxenepi Tay-KeH
JKYMBICTapbIH ¥Kocnapnay cTpateruanapbiH 6eilimaeyre »KoHe AepeKTepre Heri3genreH wewim
Kabblngayra Heris 60s1a anaapl.

Makana kengi: 9 mayceim 2025
CapantamagaH eTri: 14 winde 2025
KabbingaHapl: 18 mameiz 2025

TyiiiH ce30ep: GNOKTbIK MoAeNnbaey, KOp/iap Mogesi, TypakTaHAbIpy, anbiHaTblH Bipaikrepai
OHTaMNaHAbIPY, WbIFbIHAAP KOHE KYHaPCbi3AaHy, 9KOHOMMUKAbIK TUIMAINIK, CENEKTUBTI OHAIPY.
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OueHKa 3anacos ¢ npumeHeHunem 6no4Horo moapennposaHuAa
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KapazaHduHckuli mexHuyeckuli yHusepcumem umeru A. CazuHosa, KapazaHda, KazaxcmaH
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AHHOTAUMA
B craTbe npeacTaBneHa MeTOAMKa OLEHKM 3anacoB $ochopUTOBOrO MeCTOPOXAEHUA C

ucrnonb3oBaHuem  6104HOrO  MogenuposaHus.  [POAEMOHCTPMPOBAHbI  MpeuMyLLecTsa
NPUMEHEHUA PErynapusaLmm n anropuTMoB reOMeTPUYECKON HAaCTPOWMKM BbIEMOYHBIX eAUHULL,
obecneunBatowmx 6Gonee TOUHOE pasgesneHUe COPTOB  pydbl M CHUMKEHWE NOTepb W
pasyboxuBaHus. MpoBeaéH CpaBHUTE/bHbIN aHaNU3 oTPaBOTKM YCTYNOB C Pa3/IMYHbIMU Yraamu

Moctynuna: 9 urors 2025 OTKOCa W KOHOWrypauuamv o60opyaoBaHWA. YCTaHOBAEHO, YTO pa3mep 6a0ka 5 m x 5 m
PeveHsupoBaHue: 14 utona 2025 obecneunBaeT ONTUMAsbHbIN HanaHC MexAy TOYHOCTBIO MOAE/N U NPOU3BOAUTE/ILHOCTBIO
MpuHATa B nevatsb: 18.08.2025 obopynosaHua. OnpesenéH Hambonee 3PpdEKTUBHBIN YroN OTKOCA YCTYNOB C TOYKWM 3pEHUA

NPOW3BOAMUTENBHOCTU TEXHUKN U IKOHOMMUYECKOW LenecoobpasHocTU. MonyyeHHble pesynbTaTbl
Cnoco6CTBYIOT MOBLIWEHWIO TOYHOCTM MPOrHO3MPOBAHUA 3anacoB M 06LWEN IKOHOMMUYECKOW
30PEKTUBHOCTM  OCBOEHMA  MECTOPOMKAEHW 33  CYET  CYLLECTBEHHOTO  COKpalLeHus
3KCM/YaTaLMOHHbIX 3aTpaT M MOBbIWEHWUA KavecTBa A06bIBaEMOro cbipba. B uccneposaHum
M3/10}KEHDbI MPaKTUYECKMe Noaxoabl K Bbibopy noaxoaawmx KoHduUrypaumin obopyaosarus ans
Pas3/IMYHbIX FOPHbIX ycnoBuin. Ocoboe BHUMAHWE YAENEHO B/UAHUIO TEOMETPUU BbIEMKU Ha
3¢bPeKTUBHOCTL PaboTbl MMAPABANYECKUX IKCKABATOPOB. Mpeanaraeman MeToAaMKa MOXKET 6biTb
NPUMEHEHa K aHa/NOTMYHbIM MECTOPOXAEHUAM CO CAOXHOW mopdonorveit. onyyeHHble
pe3ynbTaTbl MOTYT CAYKWUTb OCHOBOW AnA pa3paboTku 6osnee afanTuBHbIX U OBOCHOBAHHbIX
CTpaTeruit NNaHMPOBaHMA FOPHbIX PaboT.

Kntoyeebie cnoea: 6104HOE MOAEAMPOBAHWE, MOAE/b 3aMNacoB, Perynsapusaums, onTMMmM3aumn
BbIEMOYHbIX €AMHUL, NOTEPU U Pa3yboXKMBaHME, SKOHOMUYECKan 3GPEKTUBHOCTb, CENEKTUBHAA
oTpaboTKa.
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