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STOPE OPTIMIZER IN UNDERGROUND MINING

Abstract. The article presents a method for optimizing stopes in underground mineral extraction. Based on cluster analysis of the block model, the proposed algorithm
forms extraction units by accounting for both quantitative and qualitative characteristics of raw materials. A new approach is introduced to calculate the partial inclusion of
geological blocks in clusters, offering greater accuracy than centroid-based methods. To optimize slope angles, the method applies the least squares technique and Mahala-
nobis distance, which helps reduce ore loss and dilution. The algorithm increased ore recovery by 4.3% while maintaining the target cut-off grade. Its novelty lies in precise
geometric modeling of intersections and the use of variable slope angles. The approach enables more accurate planning under diverse geological conditions and improves
the efficiency and profitability of mining operations.
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KeH opbIHIapbIH Kep aCTHIHAA OHJIeY Ke3iHJe Ka3y 0JIOKTAPbIH OHTAWIAHABIPY

Awmgarna. Tay-keH eHJipiciHae mainansl Kazdanap/pl xKep acTsl 9iCiMeH OH/Ipy OapbIChIH/IAa aNBIHATHIH OHIIPY OIOKTapbIH OHTAWIAH/BIPY 9IICi YCHIHBLIAIBL. AJl-
ropuTM OIOYHBIH MOJIENIB/IIH KJIACTEPIiK Tajaybl HENi3iH/Ie IMKI3aTThIH CarlajIblK KOHE CaHIBIK ITapaMeTpiIepiH €CKePE OTBIPIIN, OHIpY OJIOKTaphIH KaJbIITaCThIPA/Ibl.
BriokrapabiH Ki1acTeprepre imriHapa KipyiH ecenke ay/blH jKaHa dici eHTri3imin, Oyi1 ecenteynep AT HEHTPOUI dAICTePIMEH CallbICTBIpFaH/ia apTThipaasl. Kurari
OypbInITap/bl OHTAMIAHABIPY YIIIH €H Killi KBagparTap ofici MeH MaxanaHoOHC KAIIbIKTHIFBI KOJIJaHbIIA/b!, OYJT MIBIFBIHAAP MCH KCHHIH pa3yOoKUBaHUECIH a3alTyra
MYMKIHJIIK Gepeli. ¥ChIHBUIFAH Q1iC 5KOOANBIK KYpaMbl CaKTail OTBIPBII, albIHATBIH KEHHIH KeyieMiH 4,3%-Fa apTThIpajibl. FhUIBIMH jKaHAIBIFBl — TEOMETPHSHBI Al
MOJIEIIb/IEY JKOHE ©3repMerti OyphiITap/ibl €CerKe any. AJTOPUTM Ie0JIOrUsIbIK-TEXHOIOT UANIBIK IIEKTEYIEep/Ii €CKePEe OTHIPBII, dPTYPIIi jKaraainapra Oeiimenei sxoHe
Tay-KeH )KYMBICTAPBIHBIH THIMIIITITT MeH Odcekere KablIeTTiTiriH apTThIpaIibl.

Tyitinoi cosoep: sicep acmol 0OHOIpyi, OHOIPY GLOKMAPL, KIACMEPNIK MAROAY, OHMAUIAHObIPY, 2e0MEMPUSIbIK MOOETbOeY, ONOYHbIN MOOEIb.

Ol'lTl/lMl/Ba].ll/lﬂ BbICMOYHbIX €IMHUII ITPUA l'lOZ[SeMHOﬁ pa3pa60TKe MeCTOPO)KZ[eHﬂﬁ

AnHorauust. [IpeicTaBieH METO/| ONTHMH3ALNK BBIEMOYHbIX SMHHL IIPH TIO3EMHOM 100bIYE MMOJIE3HbIX HCKOMAEMbIX. AJITOPUTM Ha OCHOBE KJIACTEPHOTO aHAJN3a
6110uHOIT Mozienn (hopMUpyeT J0ObIYHbIC OIOKHM ¢ YYETOM KAadeCTBEHHBIX M KOJIMYECTBEHHBIX MApaMETPOB ChIpbs. [IpeuioxeH Croco0 yueTa YyaCcTHYHOTO BXOXKICHHS
GJIOKOB B KJIaCTEPBbI, YTO MOBBIIIAET TOYHOCTH PACUCTOB 110 CPABHEHHUIO C IEHTPOMAamMu. i ONTHMH3ALNK YIJIOB HAKJIOHA IPHMEHEHbI METO/] HANMEHBIIINX KBAJIPAaTOB
1 paccrosiHue MaxanaHoOuca, 03BOJISOIIME MUHIMU3UPOBATh TIOTEPH U pasyOoxuBaHue. MeTos obecrieurBaeT IPUPOCT U3BJICKaeMOit pyibl Ha 4,3% TP COXpaHEHUH
MPOEKTHOTO conepkanust. Hay4Hasi HOBM3HA — B TOYHOM MOJICIMPOBAHUM T€OMETPHUH H IEPEMEHHBIX YITIOB. AJITOPHTM yYHTHIBAET F€0JIOT0-TEXHOIOTHYECKIE OIPAHHYe-

HMS, aANTHPYACh K Pa3HBIM YCIIOBUSM, U MOBBILIACT PEHTA0EIbHOCTh 1 KOHKYPEHTOCIOCOOHOCTh TOPHBIX PaboT.
Kniouesvie cnoga: noosemnas paspabomea, 6bleModHble eOUHUYbl, KIACMEPHbIIL AHATU3, ONMUMUSAYUSL, 2eOMemPUYECKoe MOOIUPOsaHue, O104HAs MOOeb.

Introduction

Optimizing mineral deposits is essential for enhancing the
profitability of extraction operations by reducing costs and
minimizing losses of valuable ore during extraction.

Contemporary methodologies for the design of mining units
incorporate the use of deposit block models and algorithmic
procedures for the automated determination of unit dimen-
sions, typically implemented through specialized mining and
geological software systems. This approach facilitates a com-
prehensive assessment of alternative development strategies
for distinct deposit zones, accounting for diverse extraction
methods and recovery parameters.

Automated planning and optimization in underground op-
erations have been the focus of numerous research studies.
For example, the Handbook of Operations Research in Natural
Resources [1], in the chapter «Optimisation in Underground
Mining», emphasizes the importance of determining cut-off
grades and defining the geometry of stopes based on geologi-
cal conditions to ensure optimal recovery of valuable minerals.

Similarly, in the study «Optimization of Underground
Stope with Network Flow Method» [2] conducted at Polytech-
nique Montréal, the authors present a method for optimizing
stopes, primarily tailored to vertical panel mining. However,
this methodology can result in higher dilution levels in scenar-
ios involving inclined orebodies, where other mining methods
are typically used. It should be noted that the method involves
complex algorithms and computations, which may require sig-
nificant computational resources for its implementation.

In his dissertation «A heuristic algorithm to optimise stope
boundaries», M. Ataee-pour, from the University of Wollon-

gong, explores the challenge of optimizing mine geometry —
particularly in underground mining — where ore extraction may
incur additional costs due to the need to remove waste rock
or leave behind unextracted ore [3]. The work also discusses
the challenges of developing algorithms to optimize extraction
boundaries in underground mining, which are recognized as a
key factor in mine planning, affecting ore reserve estimation,
mine life, and production schedules.

The book «Introductory Mining Engineering» by Howard L.
Hartman and Jan M. Mutmansky [4] places significant emphasis
on methods and processes in underground mining. The publi-
cation provides a comprehensive overview of underground min-
ing, covering development, various extraction methods, techno-
logical advancements, and key operational aspects.

In light of the above, the objective of the present study can
be formulated as the development of an algorithm for deter-
mining the optimal location, geometric parameters, and quali-
ty indicators of stopes in underground mine planning, based on
the criterion of maximizing total profit [5].

To achieve this objective, the following tasks have been set
and addressed according to the developed methodology:

» dividing the deposit into elementary clusters based on
feasible mining technologies;

» calculating the quantitative and qualitative characteris-
tics of the ore that is located within the elementary clusters;

» composing a mining unit from a set of sequentially ar-
ranged clusters, ensuring compliance with specified techno-
logical conditions and quality parameters;

» determining the optimal dip angles of stopes with con-
sideration for minimizing ore loss and dilution by waste rock.
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The implementation of these tasks was carried out in the
K-MINE software within the Stope Optimizer module, which
allowed for an assessment of the effectiveness of the proposed
solutions.

Methods / Research

To achieve the stated objective, this study employed a com-
bination of methods, including: mathematical modeling of
mineral deposits using block models, cluster analysis of the
deposit [6], a method for calculating the precise geometric vol-
ume of block model intersections within clusters [7], determi-
nation of the optimal cluster set within stopes, and a method
for defining the optimal dip angle of stopes. The following sec-
tions provide a detailed description of these methods and their
implementation using specialized software.

1. Cluster Analysis of a Mineral Deposit. This method in-
volves generating a three-dimensional cluster grid within the
boundaries of a geological model of a deposit or its specific
section. The grid can be regular or constructed with variable
spacing, depending on the operational requirements. The core
principle behind constructing the cluster grid is extrusion of
a predefined cluster profile along one of the orthogonal axes
of the local Cartesian coordinate system. Along the remaining
two axes, this profile is duplicated at fixed or variable intervals,
as dictated by the mining design parameters. The shape of the
cluster profile is determined by the technological requirements
of underground mining and may range from a simple rectangle
to a more complex contour that reflects the geometry of an
actual stope. The thickness of the cluster is set significantly
smaller than the profile dimensions, allowing the creation of
an elementary spatial cell for subsequent analysis.

Block Model

Cluster

Figure 1. Cluster formation based on the deposit’s
block model.
Cyper 1. KeH opHBIHBIH 0JIOKTBIK MojiejliHe Heri3eJreH
KJIacTepiaepai KaJabINTacThIPY.
Puc. 1. @®opmupoBaHue KJACTePOB M0 0JOYHONH Moe U
MeCTOPOK/AeHNS.

2. Calculation of Cluster Parameters. The next critical step
involves the accurate determination of both the quantitative and
qualitative parameters of the elementary clusters. Existing meth-
ods for calculating volumes within geological block models typ-
ically rely on evaluating only those blocks whose centroids lie
inside a solid. As a result, techniques such as sub-blocking are
often used to improve accuracy. However, when the dimensions
of clusters and block model cells are comparable, these methods
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introduce significant error in volume estimation. Therefore, a
more precise method is required for calculating the intersection
between block model volumes and cluster boundaries. It’s import-
ant to note that the intersection between clusters and block model
blocks can occur at various angles and is not always aligned with
the orthogonal grid, which further complicates the calculation.
This issue can be addressed using Boolean operations on solids
that represent both clusters and individual blocks of the model.
Nevertheless, such an approach demands substantial computa-
tional resources and becomes impractical when dealing with large
numbers of clusters and high-resolution block models, as it would
require intersection checks between each cluster and every block.

To overcome this challenge, the method proposed in this
study estimates cluster parameters using projections of the
block model edges onto the cluster surface. As a result, the
volume calculation is reduced to a straightforward analytical
expression without the need for complex solid geometry oper-
ations. Figure 2 illustrates this approach.

Inclusion of Block Centroids Inclusion of Block Portion

Block Centroid C

\

Cluster ﬁ Truncation of Block Portion
Figure 2. Calculating the partial volume of a block model
cell within an elementary cluster.

Cypert 2. BJI0KTBIK MofieJibiH 0ip 6e.iri 3jemenTap
KJIacTepre eHy KOJIeMiH aHBIKTAY.

Puc. 2. Onpenenenue 00beMa BXOKACHHs YacTH 0J109HOI
MOJIeJIH B 3JIeMeHTaPHBIi KiacTep.

Once the volumetric indicators of the block model within the
cluster have been determined, the next step is to calculate the
quality parameters of the cluster based on the block model data.
These calculations can be performed using various methods:

* Weighted average by mass:

Lit1 XiWi
== 1
Xavg W 1)
where:
x; is the value of the quality parameter of the mineral com-
ponent;

w; is the partial weight of the block included in the cluster;
n is the number of block model cells that fall within the
cluster.

*» Weighted average by volume:

n

i=1 XV
n )
i=1Vi

)

Xavg =

where:
V; is the partial volume of the block included in the cluster.
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3. Creation of Mining Units. Mining units are created from
a set of sequentially arranged clusters. The criteria for deter-
mining the optimal set of clusters within a stope are based
on two primary conditions: maximizing the volume within a
specified range, and ensuring that the average content of the
target parameter does not fall below the cut-off grade.

{ V, > max 3)
Yn = Cutoff’
where:

V, — volume of the mining unit;

Y, — grade of the valuable mineral in the mining unit.

Since this task is solved for each individual set of clusters
within a single projection of the mining unit profile, the option
that yields the maximum recovery of valuable mineral is se-
lected from all possible variants in that projection. The created
stope shapes integrate the recalculated quantitative and qual-
itative indicators of the clusters they include (see Figure 3a).
It should be noted that, to achieve more complete recovery of
the valuable mineral, in some cases a method of constructing
clusters with a specified dip angle of the orebody is applied
(see Figure 30).

a
_ Block Model
Initial Stope
b Block Model
[
I
i
|
Initial Stope

Figure 3. Creation of mining units based on groups of
vertical clusters (@) and clusters considering dip angle (D).
Cypert 3. Tik kjactepiep ToObI (a) KIHe KaGaTTHIH KyJjiay

OyphIlIbI ecKepijireH KiaacTepsep (b) Herizinae eHaipy

OJOKTAPBIH KAJIBINTACTHIPY.
Puc. 3. ®opmMupoBaHue BbIEMOYHBIX €IMHUIl HA OCHOBE
IPyNn BepTHKAJIbHBIX KJIACTEPOB () M KJIACTEPOB ¢
y4yeToM yrJia naaenus (b).

4. Optimization of Mining Unit Shape. The initial aggre-
gation of mining units results in determining the location
and dimensions of stopes. According to the applied meth-
odology, the strike angle and dip angle of each mining unit
remain fixed, which does not always satisfy the optimal
conditions for orebody extraction. Typically, the required
strike and dip angles of the hanging wall are dictated by the
geological contact with waste rock, as well as technological
constraints during cleaning operations. Thus, a local task
is to determine the dip angle of the mining unit’s end face
that maximizes ore recovery and improves the quality of the
extracted volume.

To address this task, the following approach is applied: For
each end face of the mining unit bordering waste rock, an al-
lowable search zone for the optimal position is constructed
(Figure 4a).

a

2 Search Zone

=

Optimal = 2 =
Quality T =
Point : = %
Initial Stope Line of Intersection With Block Model
b Search Zone

Optimized Stope

Figure 4. Optimization of the mining unit end wall.
Cyper 4. Ouaipy 0JI0TrbIHBIH HIETiHAET KAOBIPFAHBI
OHTAHJIAHIBIPY.

Puc. 4. OnTumMu3anus TOpUeBOH CTEHKH BbIEMOYHOM
¢IMHHUIbI.

Within this zone, boundary points are identified where the
target quality parameter meets or exceeds the cut-off grade. To
eliminate outlier points from the resulting set, the Mahalanobis
distance formula [9] is applied:

Dm(x,u) = \/(x - ﬂ)TS_l(x - ”')r (4)

where:
x is the vector of observed values;
u is the vector of mean values;
S~ is the inverse covariance matrix of the sample;
and (x — u)7 is the transposed difference vector.
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This approach allows obtaining a set of points within the al-
lowable displacement zone of the mining unit’s end wall, which
defines its optimized position. The new position of the stope
face is determined using least squares approximation of a set of
points within a three-dimensional task framework (Figure 4b).

Results

To evaluate the accuracy of the developed method for cal-
culating mining unit indicators, computations were performed
for benchmark panels. The results of the developed method
were compared with calculations based on block centroids
(Figure 5). A comparison of the volume calculation methods
is presented in Table 1.

It was established that determining the partial inclusion of
block model cells significantly improves the accuracy of vol-
ume and quality indicator calculations, which is an important
factor in optimizing underground mining deposits, especially
when developing rare-earth components.

Table 1
Mining Unit Indicator Calculations
Kecme 1
Onoipy dn02v1HbIY KOpcemKiwimepin ecenmey
Tabnuua 1
Pacuem noxkazameneii 6b1eMOUHOU OUHUUbBL
Calculation by Calculat%on with
Parameter . geometric block
block centroids .
truncation
Block Size, m 5x5x5 5x5x5
Stope Size, m 25x30x25 25x30x25
Cluster thickness, m 5 5
Optimization mineral Fe Fe
Cut-off grade 56 56
Geometric shape 18750 18750
volume, m?
Calculated volume, m? 18500 18750
Calculated weight, t 63710 64497
Calculated Fe, % 56.52 56.56

=

Block Model

Figure 5. Block model of mineral deposit within the
mining unit boundaries.
Cypert 5. Ouaipy 0J10rbIHBIH LIETiHAeri maiaaabl
Ka30aHbIH 0JIOKTBIK MOJEJIi.
Puc. 5. Biiounast MoaeJib MOJIE3HOI0 HCKOIIAeMOI'0 B
rpaHUIAX BHIEMOYHOM eINHUIbI.
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Using an example of an underground deposit developed by
a sublevel mining method, a set of aggregated stopes was con-
structed with fixed dip and strike angles, as well as a set of
panels with subsequent adjustment of the sidewall angle for
each unit by the method described above (Figure 6). The re-
sults of the parameter calculations for both creation methods
are presented in Table 2.

Figure 6. Optimized stopes.
Cyper 6. OnTuMH3AIUSVIAHFAH MIAHeJbEp.
Puc. 6. ONTUMH3MPOBAHHBIE BHIEMOYHbIE € THHHIIbI.

Table 2
Calculation Indicators by stopes with fixed and
optimized dip angles
Kecme 2
Beximinzen jcane onmainanovipulizan eyic Oypolutmapol
Ooutbinuwa Kazy 010Kmapul 0oubIHWA ecenmey
Kopcemxiwimepi
Tabnuua 2
IToxazamenu pacuema no 6vlemouHbIM OUHUUAM
¢ (huxcuposannvim u ONMUMUUPOCAHHBIM Y2IIOM HAKIOHA

Parameters Fixed angle Optimized
angle
Number of blocks, pcs. 163971 163971
Block size, m 5x5x5 5x5x5
Cluster size, m 25x 30 25x30
Dip angle, ° 80° 1\1{/}2532):
Stope size, m 5 5
Shape optimization No Yes
Optimization mineral Fe Fe
Cut-off 56 56
Number of stopes 415 415
Total volume, m? 9,390,004.12 | 9,791,769.14
Weight, t 32,911,025.52 | 34,311,118.19
Average grade, % 56.98 56.92

The analysis of the results demonstrated that the appli-
cation of the proposed method, which incorporates the op-
timization of dip and strike angles of the mining units, led
to an increase in the total extracted ore volume — by 4.3%
in this case — compared to the conventional approach with
fixed angular parameters. At the same time, the average
grade of the valuable component remained stable within the
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specified cut-off grade, confirming the validity of the devel-
oped method.

Discussion of Results

The study results demonstrate that the proposed method-
ology for optimizing mining units in an underground mining
deposit effectively achieves the set goal: maximizing ore ex-
traction volume while maintaining the specified cut-off grade
and technological parameters of mining (3).

The developed algorithm for calculating cluster indica-
tors enhances calculation accuracy, which in turn ensures the
correct selection of clusters within each mining unit. This is
particularly critical for underground mining, where precise
delineation of mining units directly impacts the economic effi-
ciency of mining operations.

Compared to similar methods [10], the proposed algorithm
offers more accurate accounting of the geometric characteris-
tics of stopes.

However, it should be noted that this methodology has cer-
tain limitations, primarily its dependency on the quality of the
initial block model and the requirement for substantial compu-
tational resources when processing large data sets.

The developed method for optimizing mineral extraction
has been implemented in the K-MINE Stope Optimizer mod-
ule. This module enables the formation of optimal stopes for
underground mining of the deposit based on specified quality
indicators or economically justified mining parameters. Addi-
tionally, a solid orebody wireframe can be used as a constraint
to limit the shape of the mining unit.

Mining technological factors are incorporated in the
K-MINE software by setting maximum and minimum allow-
able dip angles of the stope’s sidewalls, minimum and max-
imum stope lengths, permissible ranges for panel width and
height, as well as the shape of its profile.

For each stope bordering waste rock, dilution indicators are
calculated, which may be defined by regulatory standards or
determined via a linear rock caving model.

The stopes formed during optimization are vector objects
containing all necessary parameters (volume, weight, quali-

ty indicators, dimensions, level elevation, etc.), which can be
used for subsequent mine design and planning tasks.

The obtained results are presented in detailed and summary
tabular reports, enabling evaluation of the optimization sce-
nario or comparison of multiple optimization variants with
different initial data and constraints.

Conclusion

The developed algorithm for stope optimization accounts
not only for the quality parameters but also for the spatial
and geometric features of how mining units intersect with the
block model of a mineral deposit. This approach significant-
ly improves the accuracy of delineating mining units, reduc-
es ore loss, and minimizes dilution during mineral extraction.
The results of the conducted studies confirm that the use of
variable dip angles for mining units contributes to an increase
in the total volume of recoverable rock mass without substan-
tially decreasing the average grade of the valuable component.
Therefore, the proposed algorithm is a technologically sound
and promising tool for enhancing the efficiency and productiv-
ity of mining operations.

The algorithm has been successfully integrated into the
functional environment of modern K-MINE software, which
confirms its practical relevance for addressing challenges in
mining production. Integration with K-MINE’s features en-
abled optimization of calculations based on economic profit-
ability indicators, significantly improved planning accuracy,
and increased profitability in deposit exploitation.

The flexibility of accounting for various geological and
technological constraints in forming mining units, combined
with K-MINE’s capabilities for calculating extraction vol-
umes, ensures the method’s versatility and adaptability to
different orebody configurations and a wide range of mining
systems.

The synergy between the proposed method and K-MINE’s
implemented tools offers an effective framework for improv-
ing technological resilience, ensuring responsible subsoil use,
and enhancing the overall operational efficiency of mining en-
terprises.
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