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Abstract

Purpose. This study aims to enhance the optimization approach by integrating stability analysis using Mathews Stability
Graph into stope mining-level optimization algorithm.

Methods. The programming language is employed to integrate the Mathews Stability Graph into the stope mining-level
optimization algorithm at the preliminary optimization stage, providing dimensional constraints based on rock conditions.
Algorithm validation is conducted using three scenarios reflecting rock conditions in the block model: fixed stope dimensions
with a maxi-mum stope size, fixed stope dimensions with a minimum stope size, and variable stope dimensions based on the
proposed algorithm. Additionally, to validate the stability of the stope in the optimization algorithm, the stability of each stope
wall is confirmed by back plotting on a stability graph.

Findings. The algorithm manages to create a stope design that complies both with geotechnical and economic aspects,
based on the data provided in the synthetic block model.

Originality. Optimal stope design is often determined by the stope’s economic parameter, whereas geotechnical variables,
easily available in the block model, are neglected. The proposed algorithm aims to include stability analysis using the Mathews
Stability Graph into the stope mining-level optimization algorithm.

Practical implications. The method was successfully tested using data from a block model simulating the conditions of a real
ore body in Indonesia. In addition, the method may be used by mine planners during the early stage of feasibility assessment.
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1. Introduction

The underground stope method is widely used in mines
worldwide due to its flexibility in operation, ability for selec-
tive mining, and relatively lower geotechnical risks com-
pared to the caving method. However, determining an opti-
mal mining plan, commonly referred to as stope layout, re-
mains a persistent challenge due to the complexity of varia-
bles and parameters. One of the important variables in min-
ing optimization, especially in the technical aspect, is the
mining level [1]-[3]. The ideal mining level is determined
based on the capabilities of stopes installed at each level to
maximize profits while ensuring the stability of the mining
opening throughout the entire mining operation [4]. When
determining the mining level, it is important to understand
how this factor will affect the stope shape.

Mining levels and stope sizes are interrelated characteris-
tics. Larger stope sizes lead to fewer mining levels, which in
turn increases productivity by reducing the number of mining
cycles. Smaller stope sizes result in more levels, enabling
selective mining and flexibility. The most economically
favorable combinations of mining levels are often selected.
However, stope sizes and mining levels are largely depen-
dent on rock conditions. Rock condition assessment is crucial
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in stope design as it determines the viability of the stope and
contributes to mine safety.

Various methods have been used to analyze the stability
requirements of stopes [5]-[8]. Two major empirical studies
regarding stope stability analysis are the Rock Mass Rating
(RMR) and the Q-System. The Mathews Stability Chart is a
widely recognized empirical method based on the Q-System
that is accepted as an industry standard for suggesting stope
size in the early phase [9]. The Mathews method can be used
to determine the size of the stope wall by examining the rock
mass class (Q") along with three other factors: the induced
stress conditions on the stope wall (factor A), the orientation
of the geological structure with respect to the stope wall
(factor B), and the orientation of the stope wall with respect
to gravity (factor C). Studies on the stability of the Mathews
Chart have also developed rapidly, especially in underground
mining with the open stope method [10]-[13]. In practice, the
mine planner uses empirical stability analysis in stope design
independently from the optimization process. The acceptable
stope geometry recommendation is given to the mine planner
as the basis for conducting stope optimization and design.
While this method was viable, it became tedious as the geo-
mechanical data grew with the progression of mining. Rede-
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sign is a common practice as hew recommendations are de-
livered based on the newly provided geomechanical data. To
address these issues, stope optimization has been significant-
ly developed in recent years.

Based on current developments, stope optimization stu-
dies can be divided into two major perspectives: algorithmic
development in stope optimization to significantly reduce
analysis time, and stope optimization from a geomechanical
perspective that focuses on improving stope stability analy-
sis. These two studies have their own novelties; however,
integration between them is scarce, despite the massive need
for such integration to achieve a truly optimal design [14].

The early development of stope optimization algorithms
in underground mining was dominated by exact algorithms.
An exact algorithm is a mathematical approach that generates
a precise solution, ensuring that the optimal solution is
achieved. As the mathematical formulation becomes increa-
singly complex, the time needed to find the final solution
grows significantly, leading to reliability issues. However,
the simplicity of this approach was a major advantage, as it
was widely used in the early development of stope optimiza-
tion. The stope optimization algorithm was first introduced
by Riddle [15], who proposed dynamic programming for a
block caving case study to determine the optimum area with-
in the block model. The approach has been proven to be
easily implemented, although it is limited to two-dimensional
case studies and requires manual design to meet practical
demands. In 1984, Deraisme et al. [16] introduced a geosta-
tistical approach to define the optimum area within a block
model in 2D sections. While successfully creating a 3D rep-
resentation of the optimum area by accumulating 2D sec-
tions, the approach was limited to the cut-and-fill method
and did not consider mine economics; thus, it failed to de-
termine the global optimum. Ovanic and Young [17] intro-
duced branch and bound algorithms to address the limitations
of integer programming performance in large case studies.
However, limitations in one-dimensional cases and reliability
issues in large cases remain challenges for this approach.

To address reliability problems, heuristic algorithms [18]-
[22] have been developed. Heuristic algorithms are capable
of generating a solution in a reasonable amount of time,
although the results are not always optimal, thus addressing
reliability issues in large-scale cases such as stope optimiza-
tion. Octree Division [23], one of the earliest algorithms
developed in this category, can transform a 3D geological
model into mining reserves by enforcing mining and eco-
nomic constraints in its optimization. Floating Stope algo-
rithms [24] were among the few algorithms subsequently
adopted in commercial software. Their simplicity and well-
known structure, similar to optimization algorithms used in
surface mining, proved helpful in determining the optimum
area during the early phase of feasibility assessment. Howev-
er, issues with overlapping stopes led to the development of
algorithms to overcome this problem. The Multiple Pass
Floating Stope [25] algorithm was introduced to address
issues with the Floating Stope algorithm. It generates addi-
tional output beyond the reserve area to help engineers de-
termine the best possible scenarios. However, the need for
additional assistance from engineers to determine optimum
scenarios prevented this algorithm from reaching the global
optimum. A similar approach to the Floating Stope algorithm
was adopted in the Maximum Value Neighborhood
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(MVN) [26], which can enforce geomechanical constraints
while selecting the best possible sets that yield the highest
economic value. Nevertheless, this algorithm is sensitive to
starting location factors that impact running time and the
optimal result. One major advancement was introduced by
Topal and Sens [27]. Their algorithms deliver 3D results that
directly eliminate the overlapping stope problem in stope
optimization. However, a major drawback is the selection of
optimum stope sets in descending order, which automatically
eliminates the possibility of better stope combinations. A
different approach was proposed by Ba [28] with the Net-
work Flow algorithm to identify the best stope layout via its
centerline by linking the surrounding blocks. Geomechanical
constraints are utilized to guide the algorithm, thereby de-
termining the desired stope size. Its limitations in sublevel
mining methods, which are only applicable to small minera-
lized bodies, create additional opportunities for further de-
velopment. Sandanayake [18], [22] modified the Floating
Stope algorithm by introducing several steps to eliminate
drawbacks in the stope selection sequence and optimization
starting point. Key optimization steps that address these
issues include generating the stope value, eliminating nega-
tive-valued stopes, and selecting the best stope combinations
that generate the maximum economic value. However, this
algorithm’s limitations include the fact that cost variables
used in optimization do not consider mining size. Villalba
and Kumral [21] proposed an algorithm to quantify the impact
of internal dilution in stope optimization. This algorithm can
enforce geomechanical constraints and use a linear penalty
function to decrease the value of potential stopes below the
cutoff grade. However, limitations remain in how the algo-
rithm quantifies geological risks, such as grade fluctuations.
Recent studies have shown a trend towards utilizing heuristic-
type algorithms to solve stope optimization problems. Genera-
ting an optimal stope layout in 3D form for large-scale cases is
becoming feasible. Heuristic algorithms show potential for
solving extensive cases within a reasonable amount of time.

A common approach to managing large-scale cases in
heuristic-type algorithms is to divide the problem into smal-
ler sub-problems. The mining level can be considered a sub-
object where stope optimization is performed. First, the best
combination that generates the highest possible economic
value is determined, followed by the best combination of
stope sets. This approach significantly reduces computational
resources, as optimization only occurs at each level. A recent
study by Sari and Kumral [29], [30] introduced a heuristic
approach that applies step-by-step optimization, where stope
layout optimization is separated into two major parts: level
determination and stope layout determination. This effectively
decreases problem size and improves computational time. To
impose geotechnical constraints, the algorithm uses static
geotechnical parameters by specifying the maximum and mi-
nimum stope sizes along each optimized axis. Although the
method enforces stope sizes to conform to rock conditions, a
significant gap exists because it does not directly consider the
variability and detailed characteristics of rock condition pa-
rameters. In some cases, a potentially larger stope in certain
areas is forced to have a smaller geometry due to the conserva-
tive geometry typically chosen for a given area. Additionally,
geological structure, water conditions, and stope orientation
are key factors that influence stope design. Moreover, the
method of imposing geostatistical conditions using a range of
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dimensions eliminates potential optimization from a geome-
chanical perspective, as stability analyses are run separately.

To achieve optimal conditions, it is crucial to consider all
relevant parameters in the optimization objectives. This drives
the need for studies that integrate optimization algorithms with
stability methods. Although the demand for such integration is
substantial, studies that incorporate stability analysis into stope
optimization remain limited. Esmaili [31] successfully inte-
grated the Mining Rock Mass Rating (MRMR) algorithm
into the Network Flow algorithm. MRMR was implemented
in the stope optimization algorithm by enforcing stope di-
mension recommendations for each mining level. In addition
to RMR, geomechanics-based dimension approaches, such as
the Mathews Stability Graph [9], are widely used in the mining
industry. Danu [32] addressed this by integrating Mathews
Stability Analysis into a stope optimization algorithm. The
algorithm is capable of maximizing economic value while
maintaining individual stope stability relative to the geome-
chanical variability introduced within the block model. How-
ever, level determination in the early phase of the algorithm
remains a shortcoming. This study addresses the gap in earli-
er algorithms by applying the Mathews Stability Graph in
optimization algorithms, where stope dimensions and levels
were pre-determined by user input.

2. Methodology

2.1. General optimization approach

The optimization was carried out through several stages,
as outlined in Figure 1. In the first stage, the block’s econo-
mic value is calculated based on geological attributes and
economic parameters. At this stage, the economic value of
each block is calculated using Equation (1):

Vi =[(p—r)-g-y—(e+c)}-t,

where:

Vp — economic value, $;

p — metal price, $/gram;

g — metal grade, g/ton;

y — mining recovery, %;

e — processing cost, $/ton;

¢ — refining cost, $/ton;

t — mining tonnage, tons.

The next stage consists of two steps that run in parallel:
optimal level determination and stope dimension determina-
tion using the Mathews Stability Graph. The optimal set
level was determined by identifying the best combination of
levels that yielded the highest economic value, while the
stope dimensions were determined by applying Mathews
Stability Graph analysis based on geotechnical data provided
in the block model. The stope size recommendation is then
represented by allowable mining blocks in three axes for
each of the blocks. Geotechnical constraints were subse-
quently applied to the stope layout at each block location,
ensuring that the stope layout met both practical and geome-
chanical considerations.

In the later stage, stope layout optimization, several steps are
involved, including positive stope generation, optimum stope
generation, and stope visualization. A positive stope is generated
from blocks at levels predetermined in the earlier stage. While
generating stopes, the algorithm adheres to geomechanical con-
straints imposed by the stope dimension recommendations.

o))
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Figure 1. General optimization flow

Subsequently, the algorithm updates the stope’s econo-
mic attributes while eliminating negative-valued stopes.
These positive-valued stopes are then used for stope optimi-
zation. Heuristic optimization is employed to generate the
best possible set of stopes that produce the highest economic
value. Figure 1 provides a brief summary of the algorithmic
steps proposed in this study.

2.2. Objective function

A mathematical formulation to maximize the economic
value of the project was implemented in this study. A binary
variable was used to differentiate between mined and un-
mined stopes. The optimal economic value was subsequently
calculated by summing the economic values of the mined
stopes. Equation (2) presents the mathematical formulation
used in the objective function:

V= Zistope “Vstope » S € S,

2

where:
V — total economic value, $;
Vstope — Stope economic value, $;
istope — 1 for the mined stopes; otherwise, O;
se S — sets of stope, s.

2.3. Overlapping constraint for stopes

Overlapping stopes are common in stope optimization
problems and have been highlighted in various studies [18].
This condition occurs when the generated stopes overlap
with each other, leading to double counting of stope attri-
butes. As a result, reserves are reported to be greater than
they actually are, creating an overly optimistic value, particu-
larly in terms of reserves and economic value. Various ap-
proaches have been implemented to eliminate this issue,
some of which use a mined block identifier to prevent a
block from being mined twice. Consequently, stope genera-
tion is prohibited in the vicinity of already mined blocks.

Figure 2 illustrates two stopes that overlap. A binary va-
riable is used to mark overlapping blocks and prevent stopes
from overlapping.

While generating a stope, blocks are tagged as being
mined. Additionally, another process checks whether the
blocks have already been mined.
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Figure 2. Overlapping stope constraint

If a block has already been mined, a value is assigned
to the overlapping blocks. Equation (3) is then used to elimi-
nate overlapping stopes by accumulating overlapping indexes
for those stopes:

Yiovertap <0, 3

bstope B,

where:
ioverlap — 1 for overlapping blocks; otherwise, 0O;
bstope € B — sets of blocks within stope, s.

2.4. Geomechanical constraint using
the Mathews Stability Graph

To impose a dimensional constraint, practical considera-
tions are addressed, and the Mathews Stability Graph [33] is
applied within the optimization steps. Geomechanical data
present as attributes in the block model are used in the for-
mulation, including the Q' value, factor A, factor B, and
factor C. Geomechanical data must be available for every
block, as calculations are performed for each block. Contrary
to common practice, where stability analysis is conducted
only in areas with significant differences in rock conditions, it
is performed for every block location to account for the va-
rying rock conditions characteristic of the optimization area.

The stability number N’ is required to determine wall sta-
bility in the Mathews Stability Graph. Thus, the N’ value for
each block is essential, as the stability analysis is based on
block location. To calculate this, N' is derived using Equa-
tion (2), where Q' is the value of Q’, and A, B, and C are the
values of factor A, factor B, and factor C, respectively, in the
Mathews Stability Graph:

N=Q-A-B-C. (4)

Stope wall recommendations are imposed by applying an
allowable hydraulic radius to the stope wall being analyzed.
It is possible to generate a hydraulic radius for every poten-
tial stope wall at each location within the orebody. The hy-
draulic radius is determined from the N’ value, which was
calculated at an earlier stage using Equation (5):

()

The algorithm runs in 3 dimensions so that the determina-
tion of the HR value on each paired wall is determined by the
smallest value indicator. Recommendations for the length
and width at a certain iteration point are calculated based on
Equations (6) and (7), where nys, nxs, nzs, HRi,, HR3;, Ho,
and Lo are the number of blocks allowed on the y axis, the
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number of blocks allowed on the x axis, the number of
blocks allowed on the z axis, the lowest hydraulic radius
between the hanging wall and footwall, the lowest hydraulic
radius between the back and front stope, the height of the
block and the length of the block, respectively.

2-HR;(nzs-Ho)
((nzs-Ho)-2-HR;)/ Lo’

(6)

nys =

2-HR3(nzs- Ho)

((nzs-Ho)—Z-HRg)/Ho' "

nxs =

Recommendations for dimensions can be made based
on the number of allowable blocks, as the creation of stopes
in the optimization algorithm relies on the multiplication
of block dimensions.

2.5. Level determination

The level in the algorithm is determined by inputting a
fixed stope height, ensuring that each mining level has the same
height. The selection of the best combination of levels is then
carried out in several stages, following Sari [34], as follows:

— identify the combination of level sets in the block model;

— sum the economic value of each mining level,

— sum the economic value of the total level set combinations;

— select the level set with the best economic value.

Figure 3 illustrates how the algorithm selects the best level,
where all levels that meet the condition of being a multiple of
the stope height are identified for subsequent grouping into
several sets. Each set consists of levels that do not overlap
with each other. Once these sets are identified, the economic
value of each level is calculated. In this algorithm, the length
of the level corresponds to the entire length of the strike ore-
body. The economic value of the level is obtained through
Equation (8), where Vpiock is the economic value of each block,
and tagr is the ore marker index for a particular level:

Vievel = 2 Vhlock *tagyVtag, =1.

(®)

f

~‘1; level 4
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0_ 0
= Kevel 3
0
Set2
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L _1 1 Level3 =
1011
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Figure 3. Set determination based on the non-overlaping level

The calculation of the economic value of each set is then
carried out on levels that do not overlap with one another
through Equation (9), where viee represents the economic
value of each level, while the value of tag indicates the
numbering of each level that is included in a set:
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The selection of the combination set is based on the eco-
nomic value of each set, with the highest economic value
serving as the basis for the final selection. The best set is
chosen and used as the input for the next stage of optimiza-
tion. Figure 4 illustrates the best combination of levels based
on the economic value of each set.

Vset = 2 Vievel tag;vtag, =1.

Set 2

D Set2 =50%
Optimum Set=Set2

Figure 4. Optimum set determination based on economic value

2.6. Optimization

Optimization is performed using the heuristic algorithm
proposed by Sandanayake et al. [22]. The iteration is carried
out step by step by creating several sets, ultimately deter-
mining a unique set by merging sets that do not overlap with
each other. Each of these sets is then saved, and the econo-
mic value of each unique set is compared. The unique set
with the highest economic value is selected as the best solu-
tion from the optimization process.

3. Case studies

3.1. Data and parameters

The algorithm was tested using a block model that simu-
lates the existing orebody conditions in Indonesia. The data
were categorized into geological, economic, and geomechani-
cal types. Geological data include gold grade attributes, while
economic data encompass parameters used for economic cal-
culations. Geomechanical data include the parameters Q'
factor A, factor B, and factor C, which form the basis for sta-
bility calculations in the proposed algorithm. The study area
was divided into two zones: the ore and the host rock areas.

Figure 5 (upper-left) shows the geological data in the
form of gold grade in the rock, which is used to calculate the
metal product obtained when a block is mined, measured in
grams per block. In the block model, gold grade varies with
elevation, ranging from 18.83 to 2.50 g/ton. The gold grade
at the top two block levels (102.5 and 100 m) is 0 g/ton,
indicating weathering conditions commonly observed in the
field. Additionally, the lowest block level also has a gold
grade of 0 g/ton, reflecting the decreasing grade distribution
at very deep levels, consistent with typical gold distribution
patterns in Indonesia [35]. The geological data and extent of
the block model are presented in Tables 1 and 2.
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Table 1. Geological properties of the block model

Descriptions Symbol Value Unit
Numbers of block B 32.562 blok
Block dimension LoxWoxZo 2.5%x2.5%x2.5 meter
Block type - Uniform -
Ore block density dore 2.36 ton/m?®
Host rock block 3
density drock 2.66 ton/m
Gold grade variation g 0 t0 40.32 gr/ton

Table 2. Extent of the block model
Descriptions Symbol Value Unit
. Xmax 145.00 meter
Egﬁ)t(rlg?gm block max 267.50 meter
Zmax 35.00 meter
. Xmin 100.00 meter
C'\g:]';'rg‘lgm block Yiin 100.00  meter
Zmin 102.50 meter

Economic data include commodity price components and
cost components, such as mining costs, processing costs, and
beneficiation costs. These values are set deterministically and
used in the calculation of block economic value, as conveyed
through Equation (1). Table 3 details the economic parame-
ters representing typical commodity prices and mining costs
in Indonesia with the stoping method. The results of the
economic calculation for each block are shown in Figure 5
(lower-left), where the distribution of block economic values
varies proportionally with the gold grade distribution.

Table 3. Economic parameters

Descriptions Symbol Value Unit
Metal price p 54.80 $/gram
Mining cost e 35.80 $/ton
Processing cost c 1.62 $/ton
Refining cost r 3.89 $/ton
Global recovery y 80.00 %

3.2. Scenarios and algorithm performance assessments

Three scenarios, namely, the fixed stope dimension (sce-
narios 1 & 2) and the proposed algorithm (scenario 3), are
used to evaluate the performance of the algorithm: fixed
stope dimensions (scenarios 1 & 2) and the proposed algo-
rithm (scenario 3). Scenario 1 involves a fixed stope dimen-
sion based on the maximum allowable dimension determined
from stability analysis. This is calculated by using the maxi-
mum N' value presented in the data in correlation with the
maximum allowable hydraulic radius.

The maximum dimensions are then calculated based on
this allowable hydraulic radius. Scenario 2 represents a fixed
stope dimension based on the minimum operational consid-
erations allowed. Scenario 3 features a variable stope design
based on the proposed Mathews stability modules integrated
within the level optimization algorithm. A summary of these
parameters is presented in Table 4.

Table 4. Scenarios for algorithm trial

Stope dimension Level

Scenario

(Ixwxh) constrained
Scenario 1 7.5%7.5%5 Unconstrained
Scenario 2 5x5x5 Unconstrained
Scenario 3 variable Constrained
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Figure 5. Block model data: gold grade (upper-left); block economic value (lower-left); Q' number (upper-middle); factor A (lower-

middle); factor B (upper-right); factor C (lower-right)

A non-overlapping level constraint is used to analyze the
impact of setting level constraints on stope optimization.
This constraint is applied only in Scenario 3 and determines
whether overlapping levels are permissible. By applying
constraints on levels, the algorithm can create stopes on
grouped levels, which enhances the optimization results to
better meet practical criteria.

The results from each scenario are compared based on
the generated level value, project value, and stope layout to
evaluate performance. The level value represents the cumu-
lative economic value of the project based on the specified
optimal level set, without considering the stope layout. This
economic value is derived solely from the cumulative block
model value. A thorough examination is conducted on every
potential set. The project value represents the cumulative
value of the project achieved through the optimal stope
layout, which is determined using optimization techniques.
The values are compared across scenarios, as shown in Ta-
ble 4. Additionally, the stope layout for each scenario is
compared in Table 4 to assess the impact of the implement-
ed non-overlapping levels.

The stability analysis module performance within the
stope optimization methodologies is evaluated using back-
analysis. This involves plotting the lowest stability number
N’ on each wall against its hydraulic radius on a stability
graph. Geomechanical property data (Q', factor A, factor B,
and factor C) are used to determine the N’ value, while the
corresponding wall dimensions are used to determine the
hydraulic values. Analysis is performed for every stope in
the optimal set, and the Mathews graph is plotted based on
the calculated values.

The feasibility of the algorithm is determined based on the
stability of the generated stopes. If all stability plots fall above
the stability line, the algorithm is considered successful.
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4. Results and discussion

4.1. Optimum level

Table 5 shows the results of optimizing the best set of
levels. The optimization process identified two sets (combi-
nations) of mining levels. Of these, the first set has the high-
est economic value of $75.52 million, which is slightly lower
than the second set with an economic value of $75.92 mil-
lion. Consequently, the optimization in Scenario 3 begins
with Set 1, positioned at an elevation of 35.

Table 5. Level optimum

Parameter Level Econon_wig value,
started, m $ millions
Set 1 35 75.52
Set 2 375 74.92

4.2. Optimum stope

Table 6 shows that the results are consistent with predic-
tions that variations in stope dimensions will result in a more
conservative number of stopes for scenarios with larger stope
dimensions, as indicated by the acquisition of 265 stopes in
scenario 3b compared to 797 stopes in scenario 2. Further-
more, this condition affects the smaller tonnage of the mined
material, even though the metal content mined is greater than
that in the other two scenarios. The variation in stope size
applied to scenario 3 explains this phenomenon, where the
algorithm has more flexibility in determining the optimum
stope at various locations. Additionally, scenario 3 can be
considered to have better operational performance than the
other scenarios, as shown by the highest mining grade
achieved, indicating that less waste material is mined while
maintaining a stable shape.
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Table 6. Optimization results

Parameter Scenario 2 Scenario 1 Scenario 3
Number of stopes 797 197 265
Mined tonnage,
thousand ton 241.4 240.67 195.87
Mined metal, kg 1939.59 1798.64 1837.14
Mined average 8.03 747 938
grade, g/t
Economic value, 69.96 67.25 67.49
min $
Mining recovery, % 95.52 88.57 90.47

Conducting a stability analysis of the optimization algo-
rithm can provide significant economic value while main-
taining feasibility. This is evidenced by the economic value
of the optimization results, which amounts to 67493300 and
is positioned in the middle among the three scenarios.

Another aspect that can serve as an indicator of success in
scenario 3 is the amount of mining recovery. In this scenario,
a relatively good mining recovery is achieved, with a value
of 90.47%, which is positioned in the middle among the
three scenarios. However, further improvements are needed
in the algorithm structure to ensure that integrating the stabi-
lity analysis module does not reduce the economic results, as
observed in scenario 3. Figure 6 shows that the application of
the proposed algorithm yields non-overlapping level results,
whereas scenarios 1 and 2 have overlapping level conditions.
This overlapping condition does not meet the operational
requirements of underground mining because material trans-
portation is typically more efficient when mining is conduct-
ed in groups at the same level. In accordance with mining
operational conditions, where stopes are mined at the same
level, scenario 3 can be considered more representative of
operational perspectives than the other two scenarios.

7o 180 190 200

180 150 160

50
100
150

x x

Scenario 1

20 T 15

Scenario 3

Figure 6. Optimized stopes: scenario 1 (left); scenario 2 (middle); scenario 3 (right)

4.3. Stope stability confirmation

Figure 7 shows the wall plot in the stability graph. There
are four types of walls based on their position: the red, green,
grey, and yellow points represent hanging walls, foot walls,
front walls, and back walls, respectively. Variations in rock
properties result in a wide spectrum of stability numbers,
leading to a vertical distribution of the points, while a narrow
distribution of the hydraulic radius indicates fewer options
for the stope dimensions.

Due to the optimization framework, which assesses the
stability of the stope walls in pairs, each stope's hanging wall
and foot wall will have similar hydraulic radius values. All
optimized stope walls are stable, as indicated by the popula-
tion of points above the stability line. Furthermore, the excel-
lent stope economic value and stable conditions at each stope
wall demonstrate the satisfactory application of the Mathews
stability analysis to the optimization method.
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4.4. Future perspectives

The delicate process of designing underground stopes
involves numerous factors, particularly the economics of
design and the properties of the rock, resulting in a complex
problem that requires resolution. The common approach
involves deriving design recommendations from an iterative
stability analysis process and then undertaking underground
design based on these recommendations. Additionally, as the
mine progresses, the increasing underground rock data
creates a lengthy process between stability analysis and stope
design, leading to longer working hours, reduced productivi-
ty, and a lower probability of finding the optimal scenario.
Stope optimization is one solution proposed in recent studies
to address this issue.

Stope optimization considers many parameters during its
process to achieve the best possible design. These parameters
primarily focus on geology and economics, with the final
valuation indicator being the dollar value. Most optimization
methods provide a maximum and minimum range of input
values for stope dimension parameters to meet geomechani-
cal requirements. An iterative process is necessary to address
the constant updating of geomechanical data.

This study addresses the gap between stability analysis
and optimization in stope design, resulting in improved
workflow and faster analysis of optimization scenarios. By
applying the proposed algorithm, engineers can better focus
on analyzing improved strategies due to the integration. At
the end of the study, potential integration could involve
combining current methodologies into strategic scheduling.

Scheduling of underground stope mining is also a prima-
ry challenge in underground optimization. Integrating current
stope stability techniques with stope scheduling optimization
will create a breakthrough, significantly aiding engineers in
overcoming complex problems in underground mines.

5. Conclusions

The mining level and dimension are critical parameters in
underground mining planning, particularly in the stope
method. The initial determination of mining levels affects the
location of subsequent mining levels and ultimately impacts
the project's feasibility. This challenge is compounded by the
complexity of determining the stope dimensions. A general
algorithm is employed in mining planning to address this
issue. One such algorithm is the mining level determination
algorithm. However, existing algorithms often lack the inte-
gration of stability analysis techniques, which means the
resulting design does not directly account for stope stability.
On the other hand, stability analysis techniques have ad-
vanced, including the use of the Mathews Stability Graph to
assess stope wall stability. This study aims to integrate the
Mathews Stability Graph into an optimization algorithm for
mining levels, allowing the existing algorithm to incorporate
stability analysis in a series of steps. The Mathews Stability
Graph of the unsupported stope serves as the basis for deter-
mining the stability of the stope walls in the algorithm.

The optimization results show that the optimized stope
offers good economic value and mining recovery while
maintaining stable dimensions. Additionally, the application
of mining level constraints in the proposed algorithm demon-
strates that the optimized stope is more practical. From a
geomechanical perspective, a re-analysis of the optimized
hanging wall, foot wall, front wall, and back wall revealed

49

stable conditions, indicating that the algorithm successfully
produced a stable stope wall.

In general, the integration of the Mathews Stability Graph
into the algorithm effectively meets the study’s goals,
achieving optimized stope results that are stable while main-
taining project feasibility. This algorithm can also be applied
at the beginning of mine planning, especially during the
stope optimization phase, as an initial indicator of mining
feasibility. However, improvements are needed to maximize
economic value and enhance the ability to interpret available
geomechanical data in the field today.
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InTerpauisi ¢pakropis crifixocti A, B i C Ha rpadiky criiikocti MeTh1032
110 aJArOPUTMY ONTHMi3auii piBHA BUI00YTKY KOPHCHHUX KONAJUH

. Ilytpa, T. Kapian, b. Cymicrianto, M.H. I'epiaBan

Mera. Lle mocmimkeHHs CIpsMOBaHE Ha BIOCKOHAJICHHS MiIXOAy 10 ITOPUTMY ONTHUMI3allii piBHA BHIOOYTKY OYHCHOTO BHOOIO
HIIAXOM IHTerpaii aHai3y cTiKocTi 3 BUKOPHUCTAaHHAM rpadika cTiikocTi MeTplo3a.

Metoauka. MoBa mporpaMyBaHHS BUKOPHUCTOBYETHCS JUIS iHTEerpamii rpadika cTiKocTi MeTpio3a 10 alrOpUTMYy ONTHMI3amii piBHSI
BUIOOYTKY OYHMCHOTO BHOOIO Ha MOMEPEIHBOMY eTalll ONTHUMI3allii, 3a0e3nedyoun po3MipHi 0OMEKEHHsI Ha OCHOBI CTaHy TipChKOi HOPOJIH.
OOrpyHTYBaHHS QJIITOPUTMY IIPOBOAUTHCS 3 BHKOPHCTAHHAM TPHOX CLIEHAPIiB, IO BiJOOPaXaloTh CTAaH TipChKOI ITOPOaM B OIOKOBIH MoJei:
(hikcoBaHi1 pO3MIpH OYMCHOTO BHOOIO 3 MaKCHMAIbHUM PO3MIpOM OYHCHOTO BHOOIO, (DiKCOBaHI pO3MIPH OYHCHOTO BHOOIO 3 MiHIMAIEHIM
PO3MIpOM OYHCHOTO BUOOIO Ta 3MiHHI PO3MIpH OYHMCHOTO BUOOIO Ha OCHOBI 3alPOMOHOBAHOTO anroputMmy. KpiM Toro, [uis mepeBipku CTiii-
KOCTi OYHCHOTO BHOOIO B AJITOPUTMI ONTHMI3aIlii, CTIHKICTh KOKHOI CTIHKM OYHCHOTO BUOOIO MiITBEPIKYETHCS NULIXOM MOOYJOBH 3BOPOT-

Horo rpadika Ha rpadiky CTIHKOCTI.

PesyabTaTu. Pesynprati ontiMizariii mokasyoTh, II0 ONITUMI30BaHHI OYUCHUIT 3a0ili 3a0e3meuye NpUIHATHY €KOHOMIYHY LIHHICTh Ta
piBEHb BIUTyUeHHS TIPU 30€pekKeHHI CTaOUIbHUX PO3MipiB. BUSBIIEHO Ha OCHOBI MOBTOPHOTO aHANII3Y ONTHMI30BAHOTO BUCSYOTO OOKY, JIeKa-
4oro OOKy, IepeAHbOl CTIHKM Ta 33/IHbOT CTIHKM CTa0iIbHI YMOBHU 3 F€OMEXaHIYHOI TOYKH 30pY, IO BKa3ye Ha Te, 10 aJTOPUTM YCIIIIIHO
CTBOPHB CTIiliKy CTIHKYy OYHCHOTO BHOOIO. PEKOMEHIOBAHO alITOPUTM TaKOX 3aCTOCOBYBAaTH HA ITOYATKOBOMY €Talli IIAHYBaHHS TipHHYMX
pobit, 0co6IMBO Ha eTari ONTUMI3aLlil OYMCHOTO BHOOIO SIK IIOYaTKOBUI 1HIMKATOP 3AIHCHEHHOCTI BUIOOYTKY.
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HayxoBa HoBH3Ha. OnTHMAaNbHAa KOHCTPYKIIiS OYMCHOTO BUOOIO YAaCTO BU3HAYAETHCS €KOHOMIYHIM ITapaMeTPOM OYHCHOTO BUOOIO, TOAI
SK TeOTEXHIYHI 3MiHHi, JJETKO AOCTYIHI B OJ0KOBIl MO, irHOPYIOThCA. 3alPOIIOHOBAHUI aNTOPUTM CIIPAMOBAHUI Ha BKIIOUEHHS aHAJI3y
CTIHKOCTI 3 BUKOPHCTaHHAM rpadika crifikocti MeTbr03a 10 aJlTOPUTMY ONTHMIi3amii piBHS BHIOOYTKY OYHCHOTO BHOOIO.

IIpakTHyHa 3HAYUMicTh. MeTox OyB yCHiIIHO anpoOOBaHuUil 13 BUKOPUCTaHHAM JaHUX OJIOKOBOI MOJIENi, IO IMIiTy€ YMOBH pEaIbHOTO
pyxaHoro Tina B IngoHesii. Kpim Toro, meif MeToa Moke BUKOPHUCTOBYBATHUCH MIPOEKTYBAILHUKAMH TiPHUYUX POOIT Ha paHHIH cTanil TeXHIKO-
€KOHOMIYHOTO OOTpyHTYBaHHS.
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