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Abstract

The selection of mining methods is a challenging and complicated concept in mining engineering. It depends on various
and different factors such as geotechnical, geological and economic properties and characteristics. Kodakan Gold Mine
in Iran is currently mined using the open pit method. However, due to the special conditions of this mine and the in-
crease in waste removal costs, it is inevitable to decide to select an underground mining method in the future. The pur-
pose of this research is to select the most proper underground mining method for this mine. The shape, dip, and depth
of the deposit, the thickness of the ore, grade distribution, recovery, skilled manpower, output per worker, and strength
specifications of the ore, hanging-wall, and footwall are considered as the main decision attributes. Since there are dif-
ferent parameters in selecting the appropriate mining method using the multi-attribute decision making approach,
therefore hybrid multi-attribute decision-making method was employed in this paper to enhance the strength of the
decision model and eliminate the weaknesses of the classical methods. Regarding the results of this study, rock quality
designation of the hanging-wall and deposit shape have the highest weight value in selecting the underground mining

method. Moreover, the shrinkage mining method is proposed as the most appropriate method.
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1. Introduction

Mines in countries are considered as one of the most
important and vital economic sectors. Investment in this
sector can be achieved to reach sustained economic
growth and accordingly increase the mining income
however, it also leads to the development of other eco-
nomic and social infrastructures. Selection of the mining
method is a crucial stage for extracting any mineral re-
serve. The best method is technically appropriate which
has the least amount of difficulty and complexity, and
has the lowest operating costs. Selection of the most
proper extraction method for mineral deposits is usually
based on the specification of the mineral deposit, charac-
teristics of the host rocks, and environmental conditions.
The decision-making process based on these character-
istics does not lead to selecting a unique mining method.
On the other hand, the most appropriate method must be
selected among the various alternatives (Yazdani-
Chamzini et al., 2012). Mineral extraction is a dynamic
process because the size and depth of the mine have con-
tinuously increased, and accordingly, the mining opera-
tions must be adapted to new conditions (Bajic et al.,
2020). Nowadays, different qualitative methods such as
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Boshkov and Wright (1973), Morrison (1976), Laub-
scher (1981), and Hartman (1987), and quantitative
methods such as Nicholas (1981) and UBC (Miller et
al., 1995) have been proposed to select the most proper
mining method. As there are many criteria for selecting
the suitable mining method that often conflict with each
other, this is a multi-attribute decision-making (MADM)
problem. The MADM methods have been applied in dif-
ferent studies for mining method selection. Balusa and
Gorai (2019) ranked the underground mining methods
for a uranium mine in India using the Technique for Or-
der of Preference by Similarity to Ideal Solution (TOP-
SIS), VIseKriterijumska Optimizacija I Kompromisno
Resenje (VIKOR), ELimination Et Choix Traduisant la
REalité (ELECTRE), Preference Ranking Organization
Method for Enrichment of Evaluations (PROMETHEE),
and Weighted Product Model (WPM) methods. Ali and
Kim (2021) applied TOPSIS to modify the University of
British Columbia (UBC) method to select the best min-
ing methods. In the reviewed study, all ore properties
mentioned in the UBC method were considered and then
the mining methods were prioritized using the TOPSIS
method. Shohda et al. (2022) applied the artificial neu-
ral network to select the mining method. In the review-
ing study, the criteria considered in the UBC method
were used for the decision problem. Then, the TOPSIS
method was developed based on experimental testing by
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using backpropagation neural networks for the mining
method selection. Li et al. (2023) applied the TOPSIS
method under a fuzzy environment to select the best un-
derground mining method. In the mentioned study, Py-
thagorean fuzzy sets and the TOPSIS method were used
to select the best mining method for Suichang under-
ground gold mine in China.

The main scope of this paper is to prioritize mining
methods for a gold mine in Iran, by using the MADM
methods. To achieve this goal, at first, the weight of each
decision attribute is determined by using the Analytic
Hierarchy Process (AHP). Then, the most appropriate
mining method is selected using the TOPSIS and PRO-
METHEE MADM methods. The AHP is easy to use,
flexible, and handles qualitative and quantitative crite-
ria. Regarding Cheng and Li (2001), AHP is more ac-
curate in decision-making because the consistency of the
expert’s judgment can be verified. Nowadays, AHP has
been used in different fields of mining problems, such as
analysis of coal mine accidents (Liu et al., 2018), risk
assessment of gas explosion (Li et al., 2020), equipment
selection (Yavuz, 2015), selection of the proper plant
species for mine reclamation (Ebrahimabadi, 2016),
groundwater vulnerability assessment in coal mines
(Karan et al., 2018), environmental conflicts assess-
ment in mining industries (Dao et al., 2019), safety risk
assessment of the underground mines (Ameri Siahuei et
al., 2021; Hazrathosseini, 2022), risk assessment of
water inrush (Bai et al., 2022), selection of the green
mining strategy (Wu et al., 2022), safety risk assess-
ment in coal mines (Rahimdel et al., 2022), and slope
stability analysis (Acufia and Mendoza, 2023).

Among MADMSs, TOPSIS is the most straightfor-
ward one and can find the best alternative faster than
many MADM methods. TOPSIS’s logic is reasonable
and comprehensible (Shih et al., 2007; Rahimdel and
Noferesti, 2020). Unlike the AHP, TOPSIS cannot check
the inconsistency of the judgments. Moreover, TOPSIS
cannot elicit weights and relies on other weighting meth-
ods, such as AHP. TOPSIS has been applied in various
fields of mining engineering such as the assessment of
the environmental conflicts in mining industries (Dao et
al., 2019), risk assessment of water inrush (Zhang et al.,
2021), determination of the stope boundary for under-
ground mines (Shami-Qalandari et al., 2022), predic-
tion of mining-induced subsidence (Xu et al., 2023),
slope stability in open-pit mines (Sun and Li, 2021),
site selection of stone crusher machine (Mirzaei and
Testik, 2021), selection of the mining equipment (Alpay
and Iphar, 2018), and selection of the best drilling and
blasting pattern (Rahimdel et al., 2020). PROMETHEE
is a new method for evaluating the decision alternatives
concerning the decision criteria to identify the strength
of preferring an alternative over other alternatives. PRO-
METHEE supports group-level decision-making to
identify the positive and negative aspects of the alterna-
tives. Regarding Ulengin et al. (2001), PROMETHEE

is a user-friendly prioritization method based on the
completeness of ranking. This has also been applied in
many applications (Hudej et al., 2013; Mladineo et al.,
2016; Gul et al., 2019; Rahimdel et al., 2020; Rahim-
del and Noferesti, 2020).

The main purpose of this paper is to select the ideal
underground mining method for Kodakan Gold Mine. It
is worth noting that using the MADM methods in the
same case did not result in the same ranking. This prob-
lem can be solved by using more than one MCDM meth-
od. A single MCDM method is not efficient in enabling
a correct analysis of the problem. Therefore, to obtain a
more reliable result, more than one MCDM method is
usually used by utilizing the strengths of each method
(Wu et al., 2012; Beheshtinia and Omidi, 2017; Tang,
2018). In this paper, the hybrid MADM methods were
used to select the most appropriate and suitable mining
method.

2. Methods

Kodakan Gold Mine is located in South Khorasan
Province, 175 km from Birjand City in Iran. Exploration
of the Kodakan Gold Mine was started by Zemin Kavan
Zaman Company in 2015 by performing chemical, min-
eralogical, physical, and rock mechanics tests, and geo-
physical operations by 740 meters of core drilling. The
proven reserve of the mine is estimated as 305,000 tons
of gold with an average grade of 2.1 ppm and a limit
grade of 0.2 ppm. Kodakan Gold Mine is now being ex-
tracted using the open-pit mining method. However, due
to the special conditions of the mineral deposit and ap-
proaching the predetermined maximum value of mining
depth, it is necessary to continue mining operations us-
ing an underground method. The technical characteris-
tics of Kodakan Mine are obtained according to the ex-
ploration reports and the open pit mining operation, as
given in Table 1.

Nowadays, different methodologies are proposed for
solving decision-making problems with several conflict-
ing criteria. The MADM is a branch of operations re-
search applied to select the most appropriate alternative
by considering different conflict decision criteria. This
paper aims to apply hybrid MADM methods, named

Table 1: Specification of the studied ore deposit

Criterion Ore property
Thickness (m) 0.3-1

Slope (deg.) 60-70

Depth below the surface (m) > 60

Ore zone strength High
Hanging-wall strength High

Foot wall strength High

General shape Vein deposit
Grade distribution Moderate
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AHP-TOPSIS and AHP-PROMETHEE, to select the
best underground mining methods. This section presents
steps of the AHP, TOPSIS, and PROMOTHEE MADM
methods as a research methodology.

2.1. AHP method

The analytical Hierarchy Process (AHP) was present-
ed by Saaty (1983). In the AHP, complex problems are
broken down and analyzed as a hierarchy. This method
is an effective MADM method, which is based on pair-
wise comparisons and provides the possibility of exam-
ining different scenarios in the problems. The steps of
this method in determining the weight of decision crite-
ria are given below (Saaty, 2000).

Step 1: Creating a hierarchical structure

In order to create a hierarchical structure in determin-
ing the importance degree of criteria, the goal of the
problem is placed at the top level of the hierarchical
structure and the criteria at the second level. The hierar-
chical structure depends on the type of decision prob-
lem. On the other hand, the number of levels can be in-
creased as much as possible, and there is no limit in this
respect.

Step 2: Calculating the relative weight of the criteria

In this step, first, a pairwise comparison matrix of cri-
teria is constructed so that the elements of each level are
compared to other elements related to themselves at a
higher level. The pairwise comparison uses a scale from
“equal importance” to “extreme importance.” In a pair-
wise comparison matrix, the elements on the diagonal
are equal to one and do not need to be evaluated. A nxn
pairwise comparison matrix (4) is shown as Equation 1:

1 a12 aln
a 1 ..a
A= 21 ] .2n (1)
: 1 :
a a 1

Where element a,, is the relative importance of crite-
rion g, over criterion a,. It is noted that a; = 1a . Ac-

cording to the uncertainties about the linguistic varia-
bles, including equal importance to extreme importance,
the numerical values corresponding to linguistic varia-
bles are used, as mentioned in Table 2.

Table 2: Linguistic variables and their corresponding
numerical values (Saaty, 2000)

Linguistic scale Numerical value
Equal importance 1

Weak importance 3
Moderately importance 5

Strong importance 7
Extreme importance 9

Mid values 2,4,6,8

Step 3: Calculating the overall weight of each criterion

In AHP, the weight of criteria is usually derived from
a pairwise comparison matrix by the maximal eigenvec-
tor method (EVM) or by the geometric mean method
(GMM). However, past studies favor GMM over EVM
(Blanquero et al., 2006; Dijkstra, 2013; Krej¢i and
Stoklasa, 2018). In this paper, the GMM is used. Ac-
cording to the GMM, the weight of criterion i is derived
as the geometric means of the pairwise comparisons in
the rows of the pairwise comparison matrix as Equation
2 (Krej¢i and Stoklasa, 2018):

VV:‘ = 1"/ li[ag/ 2

Step 4: Calculating the consistency rate

The consistency of the AHP method is determined by
using the inconsistency ratio of the pairwise comparison
matrix. In order to measure the inconsistency of the de-
cision, the inconsistency ratio (CR) is computed as fol-
lows (Rahimdel, 2021):

CcI
== G

Where CI is the consistency index and R/ is the ran-
dom index (RI).

The consistency index of the comparison matrix is
calculated from Equation 4:

(j'max - l’l)

n—1

CR

Cl = 4

Where A denotes the maximal eigenvalue of the
judgment matrix, and # is the matrix size.

The random index is obtained from Equation 5:

(n-2)

RI =1.98x (5)

n
Saaty (1983) decided the threshold of 0.10 to check
the inconsistency of the decision. On the other hand, to
avoid inconsistency in the AHP model, the consistency
index must be smaller than 0.10; otherwise, the com-

parison matrix needs to be revised.

2.2. TOPSIS method

The TOPSIS method was presented by Huang and
Yoon (1981). In the TOPSIS method, the alternatives are
prioritized based on their similarity to the ideal solution.
On the other hand, the more similar an option is to the
ideal solution, the higher it will be ranked. The steps of
the TOPSIS method are presented as follows (Huang
and Yoon, 1981):

Step 1: Constructing the decision matrix

At this step of the TOPSIS method, the decision ma-
trix, which represents the numerical value of each deci-
sion criterion for each alternative, is constructed as
Equation 6:
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x=: o (6)

Where m is the number of the decision alternatives, n
is the number of the decision attribute, and x,, (i = 1,2,...,m;
j=12,...,n) is the rating of alternatives.

Step 2: Constructing the weighted unscaled decision
matrixes

After forming the decision matrix, criteria with differ-
ent dimensions are converted into scale-free criteria. The
unscaled performance ratings r i=12,..mj=1,2,
..., n) can be computed by Equation 7:

xl..
= %)

m. 2
Z =i

The T values can be given as a matrix R, as shown in
Equation 8:

”i] rin
R=|: " (8)
rm] r;nn

After constructing the unscaled decision matrix, the
weighted unscaled decision matrix is obtained from the
product of the unscaled decision matrix and the weight
vector of the criteria according to Equation 9:

Vi = Wity ©)

Step 3: Calculating ideal and non-ideal solutions

The values of the ideal solution (4 *) and the non-ide-
al solution (4°) for each criterion are calculated using
Equations 10 and 11:

s

* * * *
A ={v1 VaseresVisennsV) }

n

(10)

A_={v1_,v2',...,vj_.,...,v;} (1)

Where vj. is the best value for criterion j among all
alternatives and v; is the worst value for criterion j
among all alternatives.

Step 4: Ranking the alternatives

After calculating the values of the ideal and non-ideal
solutions, the distance from the ideal and non-ideal solu-
tions for each alternative are obtained from Equations
12 and 13:

(12)

S = ” (Vf/_ny
j=1

(13)

Where S, is the distance from the ideal solutions, S; is
the distance from the non-ideal solutions, j (j=1,2,...,n) is

the decision criterion, and i (i=1,2,...,m) represents the
decision alternatives.

After determining the values of the distance from the
ideal and non-ideal solutions for each alternative, the
similarity index (C}) is calculated to rank the alternatives
from Equation 14:

. \

C =—— 14
= (14)

It should be noted that the value of the similarity in-
dex changes between zero and one. In other words, the
closer this value is to one, the closer the desired alterna-
tive is to the ideal solution. In this way, different alterna-
tives can be prioritized.

2.3. PROMETHEE Method

The PROMETHEE method is one of the most recent-
ly proposed multi-attribute decision-making methods
presented by Brans (1982). PROMETHEE is a ranking
method that is considered a simple method in conception
and computation in comparison to many other MCDM
methods (Ilangkumaran et al., 2013). PROMETHEE I
and I, developed by Brans and Vincke (1994), are two
types of the PROMETHEE method, which allow partial
and complete ranking of alternatives, respectively. The
PROMETHEE method is based on pairwise compari-
sons of alternatives concerning each criterion qualita-
tively and quantitatively with flexible and accurate cal-
culations. Moreover, in the PROMETHEE method, it is
possible to use different preference functions regarding
the characteristics of the criteria to eliminate the scaling
effect of the decision attributes (Taherdoost and
Madanchian, 2023). This method has been widely used
in many applications of mining, such as the mining
method selection (Bogdanovic et al., 2012), equipment
selection (Temiz and Calis, 2017), safety risk assess-
ment of the mining industry (Gul et al., 2019), selection
of the drilling and blasting pattern (Rahimdel et al.,
2020), selection of the emerging technology in mines
(Dayo-Olupona et al., 2020), and investment prefer-
ence of the mineral extraction sector (Rahimdel and
Noferesti, 2020).

The PROMETHEE method needs three factors for
the evaluation and ranking of alternatives: the decision
matrix, the weight of criteria, and information about the
preference function that is determined by experts. In
PROMETHEE, to define deviations between alterna-
tives for each attribute, the preference function is used.
It should be noted that minor deviations indicate that the
preference degrees are weak and vice versa. Regarding
Brans (1982), the shape of the preference function is
dependent on two thresholds, O and P. The negligible
threshold QO represents the most significant deviation,
and the decisive threshold P represents the slightest de-
viation. The positive and negative flows are other pa-
rameters that need to be calculated for each alternative
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regarding the given weight of each attribute. A positive
flow indicates how much each criterion is higher than all
other criteria, while a negative flow indicates the superi-
ority of the alternative over the other ones. It is worth
noting that PROMETHEE identifies the positive and
negative aspects of the alternatives and obtains a ranking
among them; therefore, it can cover some limitations of
TOPSIS. The steps of PROMETHEE are summarized as
follows (Anand and Kodali, 2008):

Step 1. Defining the preference functions

In the first step, to find how much value a is preferred
to value b, the preference function is computed from
Equation 15:

0iff. (a)- £. (b)<0
b (o) 971,
» 1, (a)~ £, () >0
Where P, (a,b) is the preference function in creation J,

]; (a) and j;j(b) are the preference functions for values a
and b in the criterion j, respectively.

(15)

Step 2. Calculating the overall preference index

The overall preference index is calculated by consid-
ering the preference function as Equation 16:

k n
(a,b)=DW,.P (a,b),d>W, =1
j=1 Jj=1

Where 7 (a,b) is the overall preference index and £, (a)
and f; (b) is the weight of criteria /. '

(16)

Step 3. Calculating the net flow and ranking the alterna-
tives

The net flow (¢) for each alternative is calculated as
Equations 17 to 19:

p(a)=9"(a)-¢ (a) (17)
0 (@)= (e 18)
B —L w(x,a

0 (a)=——Da(x.a) (19)

Where ¢ (a) is the net flow, ¢ (@) is the positive flow,
and ¢~ () is the negative flow for alternative a € 4.

To rank the alternatives, PROMETHEE I makes a
partial ranking by using the positive and negative flows
while, PROMETHEE II uses the net flow.

3. Results

In this research, the most appropriate and suitable un-
derground mining method for Kodakan Gold Mine is
chosen using the AHP-TOPSIS method. At the first
stage, decision attributes are determined. The deposit
shape, grade distribution, dip, thickness, and depth of
the ore deposit, rock mechanics characteristics of the
ore, hanging-wall, and footwall, ore recovery, skilled

manpower; and output per man shift are considered de-
cision criteria. The importance degree of the decision at-
tributes was obtained and then the TOPSIS and PRO-
METHE were used to rank the decision alternatives.

3.1. Importance degree of the decision attribute

In the first step, the weight of the criteria was calcu-
lated using the AHP. To achieve this, the comparison
matrix between the criteria is constructed based on ex-
pert judgment. The weight of each criterion is calculated
from the geometric mean method, described in section
2.3, as shown in Figure 1.

025

02

©
&
a
=

0.15

01

Figure 1: Importance degree of each decision criteria

Based on Figure 1, the hanging-wall RQD, deposit
shape, and skilled manpower have the highest impor-
tance, respectively. It is worth noting that the consisten-
cy index of the pairwise comparison matrix of the crite-
ria is calculated as 0.15, and the random rate of incon-
sistency is calculated as 1.67. In this case, the
inconsistency ratio is 0.093 (less than 0.1), which indi-
cates that the consistency of the judgments is acceptable.

3.2. Selection of the most proper mining method

This subsection is devoted to selecting the most prop-
er underground mining method for Kodakan Gold Mine
using the TOPSIS and PROMETHEE methods among
the Block Caving, Cut and fill, Room and pillar, Shrink-
age, Stope and pillar, Sublevel caving, Sublevel stoping,
and Top slicing underground mining methods.

In applying the TOPSIS method to select the best al-
ternative, first, the initial decision-making matrix is
formed considering decision criteria and alternatives as
given in Table 3 (Samimi Namin et al., 2008). A matrix
composed of alternatives and criteria was offered to the
experts and specialists in mine design and mining meth-
od selection. Then, the quantitative decision matrix was
constructed with the averaging of the results obtained
from the various expert opinions.

It should be noted that the linguistic variables were
converted to numbers considering the corresponding nu-
merical values, as presented in Table 2. The normalized
decision matrix was formed using Equation 7, and then
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Table 3: Decision matrix based on expert opinions (Samimi Namin et al., 2008)
Oi g IS)ITESZH ]();;sigiel)ution iz il %l;?ckness Depth gﬁlﬁmg-wall Bl
Block caving Medium Medium Medium Mol High | Mol High Mol High Low
Cut & pill High Mol High Mol High |Mol Low | Mol High High Mol High
Room & pillar High Medium Low Very Low | Mol High Mol High Very High
Shrinkage High Medium Low Very Low | Mol High Medium Mol High
Stope & pillar High Mol High Medium Mol High | Mol High Mol High Very High
Sublevel caving | High Mol Low Mol Low | High Medium Mol High Mol Low
Sublevel stoping | High Mol Low Mol Low | High High Mol High High
Top slicing Medium Medium Medium Medium Mol Low Medium Mol Low
Criteria Egl;gmg-wall Ore RSS E(éostwall ?ojsovery El;lvl:rd Man 8[1:52; iI;::r I[-{Igngmg-wall
Block caving High Medium Medium 90 Very Low 90 Very High
Cut & pill Mol High Mol Low Medium 100 Medium 30 High
Room & pillar Low Low Medium 60 Mol High 35 Mol Low
Shrinkage Low Mol Low Mol High |85 Mol High 12 Very High
Stope & pillar Low Low Medium 60 Mol Low 40 Mol Low
Sublevel caving | High Mol High Medium 85 Mol Low 35 Very High
Sublevel stoping | Low Medium Mol High |85 Mol High 45 Low
Top slicing High Medium Mol Low |95 Medium 10 High
Table 4: The weighted normalized decision matrix

Shape | Distibution | PP | Thickness PP pum o OreRMR
Block caving 0.057 0.014 0.004 0.013 0.025 0.016 0.027
Cut & pill 0.058 0.054 0.010 0.009 0.025 0.016 0.003
Room & pillar 0.033 0.015 0.009 0.006 0.011 0.011 0.008
Shrinkage 0.060 0.014 0.004 0.001 0.025 0.012 0.020
Stope & pillar 0.058 0.022 0.014 0.003 0.025 0.021 0.020
Sublevel caving | 0.061 0.009 0.005 0.012 0.032 0.016 0.025
Sublevel stoping | 0.032 0.014 0.009 0.009 0.025 0.017 0.006
Top slicing 0.060 0.009 0.006 0.012 0.018 0.016 0.008

;Igrégmg-wall Ore RSS E(;ostwall e lS)l;Lleerd Man 811;1 il}lfiger ;Ig})glng-wall
Block caving 0.003 0.010 0.018 0.018 0.054 0.015 0.028
Cut & pill 0.003 0.010 0.018 0.018 0.023 0.017 0.025
Room & pillar 0.013 0.025 0.011 0.028 0.041 0.004 0.071
Shrinkage 0.003 0.014 0.028 0.025 0.054 0.005 0.090
Stope & pillar 0.010 0.015 0.018 0.030 0.039 0.012 0.074
Sublevel caving | 0.003 0.025 0.026 0.025 0.054 0.019 0.018
Sublevel stoping | 0.013 0.025 0.018 0.027 0.012 0.037 0.090
Top slicing 0.013 0.035 0.018 0.025 0.027 0.015 0.092

the weighted normalized decision matrix was formed us-
ing Equation 9 and the quantitative decision matrix (see
Table 4). The positive and negative ideal solutions were
calculated using Table 4 and Equations 10 and 11 and
given in Table 5.

The distance from the ideal and non-ideal solutions
for each mining method was calculated using Equations

12 and 13. Then, the amount of similarity index is calcu-
lated, and the mining methods are prioritized based on
this. The amount of similarity index for each mining
method is given in Table 6. According to Table 6, the
shrinkage mining method is suggested as the most ap-
propriate underground mining method for Kodakan
Gold Mine.
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Table 5: the values of ideal solution (A") and non-ideal solution (A-) for each criterion
QIR LS Il:l?’illglmg-wa“ Depth %Il.ieckness Ore Dip g;sigiebution ]S)llel);:lt
A* 0.027 0.021 0.032 0.013 0.014 0.054 0.061
A~ 10.003 0.011 0.011 0.001 0.004 0.009 0.032
}ngr})gmg wall I(\)/Ilzltn PSl}lltifI;er }S)l;g/l:rd Man FeamiEny E (éostwall Ore RSS ggrégmg wall
A* 0.092 0.037 0.054 0.030 0.028 0.035 0.013
A 10.018 0.004 0.012 0.018 0.011 0.010 0.003
Table 6: Similarity index and ranking of mining methods
Alternative Ideal solutions (S;) Non-ideal solution (S;) Similarity index (C})
Block caving 0.0075 0.0036 0.327
Cut & pill 0.0075 0.0034 0.312
Room & pillar 0.0054 0.0042 0.440
Shrinkage 0.0036 0.0086 0.704
Stope & pillar 0.0029 0.0057 0.661
Sublevel caving 0.0082 0.0044 0.352
Sublevel stoping 0.0050 0.0071 0.588
Top slicing 0.0040 0.0076 0.653
Table 7: The overall preference function matrix for all mining methods
Alternative BlO.Ck Cut & fill Roo'm Shrinkage Stope Sub.level Subl.evel Top slicing
caving & pillar & pillar caving stoping
Block caving 0.000 0.438 0.561 0.170 0.241 0.332 0.341 0.322
Cut & pill 0.293 0.000 0.847 0.624 0.345 0.422 0.627 0.599
Room & pillar 0.439 0.513 0.000 0.115 0.182 0.291 0.530 0.324
Shrinkage 0.599 0.697 0.729 0.000 0.565 0.479 0.401 0.438
Stope & pillar 0.636 0.791 0.773 0.368 0.000 0.089 0.575 0.369
Sublevel caving 0.482 0.648 0.561 0.474 0.577 0.000 0.408 0.383
Sublevel stoping 0.536 0.551 0.438 0.495 0.356 0.475 0.000 0.324
Top slicing 0.525 0.747 0.676 0.424 0.508 0.302 0.620 0.000
Table 8: The positive, negative, and net flows for all alternatives
Alternative The positive flow (¢p*) | The negative flow (¢°) The net flows (p)
Block caving 0.344 0.501 -0.158
Cut & pill 0.537 0.626 -0.090
Room & pillar 0.342 0.655 -0.313
Shrinkage 0.558 0.381 0.177
Stope & pillar 0.514 0.396 0.118
Sublevel caving 0.505 0.341 0.163
Sublevel stoping 0.453 0.500 -0.047
Top slicing 0.543 0.394 0.149

In this subsection, the PROMETHEE is used to rank
the mining method for Kodakan Gold Mine. In the first
step, the comparison matrix is created. It is noted that
because of the high volume of calculations, it was ig-
nored to present details of the calculations. The overall
preference index was calculated for all alternatives using

Equation 16 and given in Table 7. The net flow values

were calculated using Table 7 and Equations 17 to 19.
The results are given in Table 8. According to Table 8,
the order of alternatives is obtained as follows:
Shrinkage > Stope and pillar > Top slicing > Sublevel
stoping > Room and pillar > Sublevel caving > Block
caving > Cut and fill.
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4. Discussion

When the application of different MADM methods
provides different results, aggregation methods are used
for making a reliable decision. In this paper, the alterna-
tives are finally ranked based on the average of their or-
ders obtained by the TOPSIS and PROMETHEE meth-
ods. The average of rank orders was calculated and
shown in Figure 2. Regarding Figure 2, the shrinkage
underground mining method is the best alternative for
Kodakan Gold Mine.

Shrinkage Stope & Top Slicing Sublevel Sublevel Cut&Fill Room &  Block
Pillar Caving  Stoping Pillar Caving

Figure 2: The final rank order for the underground mine
selection

The shrinkage mining method is an underground
method like sublevel caving but with a continuous back-
filling operation from the top. Therefore, the broken ma-
terial must have the ability to flow freely (Brand and
Haider, 2023). Moreover, the grain size should not be
too fine as much as it impacts the material flow and leads
to high dilution. In the shrinkage mining method, ore is
excavated in horizontal slices. The layout of the shrink-
age stoping method is shown in Figure 3 (Didier et al.,
2009). The minerals are extracted using the drilling and
blasting method, starting from the bottom of the stope

Figure 3: Shrinkage stoping in a large vertical body
(Didier et al., 2009)

and advancing upward. After each blasting operation,
the volume of the broken rock increases by about 50%.
Therefore, about 40% of the blasted ore must be drawn
off continuously during mining. About 60% of the bro-
ken ore is left in the stope as a working platform for drill
workers and supporting the stope walls (Hustrulid et
al., 2001).

The shrinkage mining method is suitable for tabular
deposits with steep dips and moderate thickness that
meet the mineral properties of the vein deposit of Koda-
kan Mine with a thickness of 0.3 to 1 meter and deposit
slope of 60 to 70 degrees. Regarding Brand and Haider
(2023), the shrinkage method is a proper alternative
when only small stope sizes would be possible due to
geotechnical constraints.

It is worth noting that Kodakan Gold Mine is located
only seven kilometers from Qaleh-Zari Copper Mine.
This copper mine is the only underground mine in Iran
extracted by the shrinkage-stoping method. The mining
operation of Qaleh-Zari Mine was started in 1975 and is
still ongoing. The width of the mineralization area in
Qaleh-Zari Mine is between 0.5 and 7 m. The develop-
ment process and access to the mineral deposit in Qaleh-
Zari Mine include the drilling of the vertical wells, drift
tunnels, and finally, man-way and ore pass raises. The
extracted ores are moved to the surface through six verti-
cal shafts, and one inclined shaft. The total mineral ex-
traction is 450 tons per day, on average (Rahimdel and
Ghodrati, 2023). In the development stages of the min-
ing stopes of Qaleh-Zari Mine, the drift tunnels with the
dimensions of 2.2x2.4 meters are drilled in different
mine levels. The level intervals are approximately 30
meters, which dictates the height of the mining stopes at
each level. To connect the upper and lower drifts, verti-
cal raises with dimensions of 2.1x2.1 are drilled. The
distance between these raises is considered according to
the length of mining stopes, which varied from 40 to 60
meters.

This formation is helpful for the Kodakan Mine’s con-
tractors to develop the underground spaces and design the
mining stopes. This is also a helpful guideline for manag-
ers to provide adequate production scheduling.

5. Conclusions

The selection of mining methods and the concept of
how the orebody would be extracted are among the most
crucial tasks in mining projects. In this paper, the most
suitable underground mining method was proposed for
the Kodakan Gold Mine in Iran using hybrid multi-at-
tribute decision-making (MADM) methods. Regarding
the results, the slope of the deposit and mining cost have
the highest importance degree while the depth below the
surface and ore thickness, have the lowest importance.
Among different mining methods, shrinkage-stopping
mining is proposed as the most appropriate underground
mining method. The results of this study are helpful for
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mine managers and contractors to select the most suita-
ble mining method. The results of this paper indicated
that by application of the hybrid MADM approaches for
the underground mining method selection, it is possible
to overcome the scarcities of some problems related to a
single MADM. The proposed approach applied in this
work can be used in conditions with numerous decision
criteria. However, as some decision criteria have been
self-claimed, determination of the adequate values for
the deposit specifications, especially the geotechnical
properties of the ore and county rock, and application of
the decision-making approach under the fuzzy environ-
ment for consideration of the uncertainties in the form of
ambiguity and vagueness are proposed for future stud-
ies. Economic and feasibility studies of the mining op-
eration, considering safety and health issues during the
mining operation, and applying other multi-attribute
decision-making methods to find the most suitable alter-
native are also recommended for future studies.

6. References

Acufia, J.M.V. and Mendoza, M.E. (2023): A comparative
study of the bivariate statistical methods and the Analytical
Hierarchical Process for the assessment of mass move-
ment susceptibility. A case study: The LM-116 Road-Peru.
Rudarsko-geolosko-naftni zbornik, 38(1), 149-166, https:
//doi.org/10.17794/rgn.2023.1.13.

Ali, M.A.M. and Kim, J.G. (2021): Selection mining methods
via multiple criteria decision analysis using TOPSIS and
modification of the UBC method. Journal of Sustainable
Mining, 20, 2, 49-55, https://doi.org/10.46873/2300-
3960.1054.

Alpay, S. and Iphar, M. (2018): Equipment selection based on
two different fuzzy multi criteria decision making meth-
ods: Fuzzy TOPSIS and fuzzy VIKOR. Open Geoscienc-
es, 10, 1,661-677, https://doi.org/10.1515/geo-2018-0053.

Siahuei, M.R.A., Ataei, M., Rafiee, R. and Sereshki, F. (2021):
Assessment and Management of Safety Risks through Hi-
erarchical Analysis in Fuzzy Sets Type 1 and Type 2: A
Case Study (Faryab Chromite Underground Mines).
Rudarsko-geolosko-naftni zbornik, 36(3), 10.17794/rgn.
2021.3.1.

Anand, G, Kodali, R. (2008): Selection of lean manufacturing
systems using the PROMETHEE. Journal of Modelling in
Management, 3, 1, 40-70, https://doi.org/10.1108/1746
5660810860372.

Bai, Z., Liu, Q. and Liu, Y. (2022): Risk assessment of water
inrush from coal seam roof with an AHP—-CRITIC algo-
rithm in Liuzhuang Coal Mine, China. Arabian Journal of
Geosciences, 15, 4, 364, https://doi.org/10.1007/s12517-
022-09621-2.

Bajic, S., Bajic, D., Gluscevic, B., Ristic Vakanjac, V. (2020):
Application of Fuzzy Analytic Hierarchy process to Un-
derground Mining Method Selection, Symmetry, 12, 192-
198, https://doi.org/10.3390/sym12020192.

Balusa, B.C. and Gorai, A.K. (2019): A comparative study of
various multi-criteria decision-making models in under-

ground mining method selection. Journal of The Institu-
tion of Engineers (India): Series D, 100, 105-121, DOI:
10.1007/s40033-018-0169-0.

Beheshtinia, M.A. and Omidji, S. (2017): A hybrid MCDM ap-
proach for performance evaluation in the banking industry.
Kybernetes, 46(8), 1386-1407, https://doi.org/10.1108/
K-03-2017-0105.

Blanquero, R., Carrizosa, E. and Conde, E. (2006): Inferring
efficient weights from pairwise comparison matrices.
Mathematical Methods of Operations Research, 64, 2,
271-284, https://doi.org/10.1007/s00186-006-0077-1.

Bogdanovic, D., Nikolic, D. and Ilic, I. (2012): Mining meth-
od selection by integrated AHP and PROMETHEE meth-
od. Anais da Academia Brasileira de Ciéncias, 84, 219-
233,10.1590/S0001-37652012000100023.

Boshkov, S.H., and Wright, F.D. (1973): Basic and parametric
criteria in the selection, design and development of under-
ground mining systems, SME Mining Engineering hand-
book,12, 2-12, 10.37190/MSC212815.

Brand, L. and Haider, K. (2023): Sublevel Shrinkage (SLSh)
Mining—A State-of-the-art Review. BHM Berg-und Hiit-
tenmdnnische Monatshefte, 168, 274-280, https://doi.
org/10.1007/s00501-023-01354-3.

Brans, J.P. (1982): Lingenierie de la decision. Elaboration din-
struments daide a la decision. Methode PROMETHEE. In:
Nadeau, R., Landry, M. (Eds.), Laide a la Decision: Na-
ture, Instrument set Perspectives Davenir. Presses de Uni-
versite Laval, Quebec, Canada, 183-214.

Brans, J.P., Mareschal, B. (1994): The PROMCALC & GAIA
decision support system for multi-criteria decision aid. De-
cis. Support Syst. 12, 4, 297-310, https://doi.org/10.1016
/0167-9236(94)90048-5.

Cheng, E.W. and Li, H. (2001): Information priority-setting
for better resource allocation using analytic hierarchy pro-
cess (AHP). Information Management & Computer Secu-
rity, 9, 2, 61-70, 10.1108/09685220110388827.

Dao, M.T., Nguyen, A.T., Nguyen, T.K., Pham, H.T., Nguyen,
D.T., Tran, Q.T., Dao, H.G., Nguyen, D.T., Dang, H.T. and
Hens, L. (2019): A hybrid approach using fuzzy AHP-
TOPSIS assessing environmental conflicts in the titan min-
ing industry along central coast Vietnam. Applied Scienc-
es, 9, 14, 2930, https://doi.org/10.3390/app9142930.

Dayo-Olupona, O., Genc, B. and Onifade, M. (2020): Tech-
nology adoption in mining: A multi-criteria method to se-
lect emerging technology in surface mines. Resources
Policy, 69, 101879, https://doi.org/10.1016/j.resour-
p01.2020.101879.

Didier, C., Van Der Merwe, J.N., Betournay, M., Mainz, M.,
Aydan, O., Song, W.K., Kotyrba, A. and Josien, J.P. (2009,
May): Presentation of the ISRM Mine Closure State-of-
the-art Report. In ISRM SINOROCK (pp. ISRM-SI-
NOROCK). ISRM.

Dijkstra, T.K. (2013): On the extraction of weights from pair-
wise comparison matrices. Central European Journal of
Operations Research, 21, 1, 103-123, https://doi.org/10.
1007/s10100-011-0212-9.

Ebrahimabadi, A. (2016): Selecting proper plant species for
mine reclamation using fuzzy AHP approach (case study:

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 135-145, DOI: 10.17794/ rgn.2023.4.11



Rahimdel, M.].

144

Chadormaloo iron mine of Iran). Archives of Mining Sci-
ences, 61, 4, 10.1515/amsc-2016-0049.

Gul, M., Ak, M.F., Guneri, A.F. (2019): Pythagorean fuzzy
VIKOR-based approach for safety risk assessment in mine
industry. J. Saf. Res. 69, 135-153, https://doi.org/10.1016/j.
jsr.2019.03.005.

Hartman. H.L. (1987): Introductory Mining Engineering,
Wiley, New York. 633.

Hazrathosseini, A. (2022): Selection of the safety risk analysis
technique most compatible with nature, requirements and
resources of mining projects using an integrated Folchi-
AHP method. Rudarsko-Geolosko-Naftni Zbornik, 37(3),
https://doi.org/10.17794/rgn.2022.3.4.

Ilangkumaran, M., Avenash, A., Balakrishnan, V., Kumar, S.B.
and Raja, M.B. (2013): Material selection using hybrid
MCDM approach for automobile bumper. International
Journal of Industrial and Systems Engineering, 14, 1, 20-
39, https://doi.org/10.1504/1JISE.2013.052919.

Hudej, M., Vujic, S., Radosavlevic, M. and Ilic, S. (2013):
Multi-variable selection of the main mine shaft location.
Journal of Mining Science, 49, 950-954, https://doi.
org/10.1134/S1062739149060154.

Hustrulid, W.A., Hustrulid, W.A. and Bullock, R.L. eds.,
(2001): Underground mining methods: Engineering funda-
mentals and international case studies. SME.

Karan, S.K., Samadder, S.R. and Singh, V. (2018): Groundwa-
ter vulnerability assessment in degraded coal mining areas
using the AHP-Modified DRASTIC model. Land degra-
dation & development, 29, 8, 2351-2365, https://doi.
org/10.1002/1dr.2990.

Krej¢i, J. and Stoklasa, J. (2018): Aggregation in the analytic
hierarchy process: Why weighted geometric mean should
be used instead of weighted arithmetic mean. Expert Sys-
tems with Applications, 114, 97-106, https://doi.
org/10.1016/j.eswa.2018.06.060.

Laubscher, D.H. (1981): Selection of mass underground min-
ing methods, Design and operation of caving and sublevel
stoping mines, Chapt.3, Stewart, D., ed., SME-AIME,
New York, 23-38.

Li, M., Wang, H., Wang, D., Shao, Z. and He, S. (2020): Risk
assessment of gas explosion in coal mines based on fuzzy
AHP and bayesian network. Process Safety and Environ-
mental Protection, 135, 207-218, https://doi.org/10.1016/j.
psep-2020.01.003.

Li, S., Huang, Q., Hu, B., Pan, J., Chen, J., Yang, J., Zhou, X.,
Wang, X. and Yu, H. (2023): Mining method optimization
of difficult-to-mine complicated orebody using Pythago-
rean fuzzy sets and TOPSIS method. Sustainability, 15, 4,
3692, https://doi.org/10.3390/sul5043692.

Liu, R., Cheng, W., Yu, Y. and Xu, Q. (2018): Human factors
analysis of major coal mine accidents in China based on
the HFACS-CM model and AHP method. International
journal of industrial ergonomics, 68, 270-279, https://doi.
org/10.1016/j.ergon.2018.08.009.

Miller, T.L., Pakalnis, R. and Poulin, R. (1995): UBC Mining
Method Selection, Mine planning and equipment selec-
tion. (MPES), Singhal R.K. et at. (Eds), Balkema, Rotter-
dam, 163-168.

Mirzaei, N. and Testik, O.M. (2021): Ideal location selection
for new stone crusher machine and landfill using FAHP

and TOPSIS method: A case study in a copper mine. Diizce
Universitesi Bilim ve Teknoloji Dergisi, 9, 5, 1592-1609,
https://doi.org/10.29130/dubited.821490.

Mladineo, M., Jajac, N. and Rogulj, K. (2016): A simplified
approach to the PROMETHEE method for priority setting
in management of mine action projects. Croatian Opera-
tional Research Review, 7(2), 249-268, https://hrcak.srce.
hr/174205.

Morrison, R.G.K. (1976): A Philosophy of ground control,
McGill University, Montreal, Canada, 125-159.

Nicholas, D.E. (1981): Method Selection-A Numerical ap-
proach, Design and operation of caving and sublevel stop-
ing mines, Chapt.4, Stewart,D., ed., SME-AIME, New
York, 39-53.

Rahimdel, M.J. (2021): Injury Analysis of Iran’s Mining
Workplaces. Rudarsko-geolosko-naftni zbornik (The Min-
ing-Geological-Petroleum Engineering Bulletin), 36, 1,
https://doi.org/10.17794/rgn.2021.1.2.

Rahimdel, M.J. and Noferesti, H. (2020): Investment prefer-
ences of Iran>s mineral extraction sector with a focus on
the productivity of the energy consumption, water and la-
bor force. Resources Policy, 67, 101695, https://doi.
org/10.1016/j.resourpol.2020.101695.

Rahimdel, M.J., Aryafar, A. and Tavakkoli, E. (2020): Selec-
tion of the most proper drilling and blasting pattern by us-
ing MADM methods (A case study: Sangan Iron Ore Mine,
Iran). Rudarsko-geolosko-naftni zbornik, 35, 3, 10.17794/
rgn.2020.3.10.

Rahimdel, M.J., Aryafar, A. and Vaziri, S. (2022): Fuzzy
FMEA for the safety risk analysis of underground coal
mining (a case study in Iran). Mining Technology, 131, 2,
104-114, 10.1080/25726668.2022.2051273.

Saaty, T.L. (1983): Priority setting in complex problems. IEEE
Transactions on Engineering Management, (3), 140-155,
10.1109/TEM.1983.6448606.

Saaty, T.L. (2000): Fundamentals of Decision Marking and
Priority Theory with the Analytic Hierarchy Process. RWS
Publications.

Samimi Namin, F., Shahriar, K., Ataece-pour, M. and Dehgha-
ni, H. (2008): A new model for mining method selection of
mineral deposit based on fuzzy decision making. The Jour-
nal of the Southern African Institute of Mining and Metal-
lurgy. 108, 385-395.

Shami-Qalandari, M., Rahmanpour, M. and Mirabedi, S.M.
(2022): Determining a resilient stope boundary for under-
ground mass mining projects. Rudarsko-geolosko-naftni
zbornik, 37(5), pp.103-116, https://doi.org/10.17794/rgn.
2022.5.9.

Shih, H.S., Shyur, H.J., and Lee, E.S. (2007): An extension of
TOPSIS for group decision making. Mathematical and
computer modelling. 45(7-8), 801-813, https://doi.org/10.
1016/j.mcm.2006.03.023.

Shohda, A., Ali, M.A., Ren, G., Kim, J.G., and Mohamed,
M.A.E.H. (2022): Application of Cascade Forward Back-
propagation Neural Networks for Selecting Mining Meth-
ods. Sustainability, 14, 2, 635, https://doi.org/10.3390/
sul4020635.

Sun, Z. and Li, J. (2021 May): Study on open-pit mine slope
stability based on improved TOPSIS method. In IOP Con-

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 135-145, DOI: 10.17794/ rgn.2023.4.11



145 Selection of the Most Proper Underground Mining Method for Kodakan Gold Mine in Iran

ference Series: Earth and Environmental Science, IOP
Publishing, 781, 2, 022045, DOI: 10.1088/1755-1315/
781/2/022045.

Taherdoost, H. and Madanchian, M. (2023): Using PRO-
METHEE Method for Multi-Criteria Decision Making:
Applications and Procedures. Iris Journal of Economics &
Business Management. 1, 1.

Tang, H.W.V. (2018): Modeling critical leadership competenc-
es for junior high school principals: a hybrid MCDM mod-
el combining DEMATEL and ANP. Kybernetes, https://
doi.org/10.1108/K-01-2018-0015.

Temiz, 1. and Calis, G. (2017): Selection of construction
equipment by using multi-criteria decision making meth-
ods. Procedia Engineering, 196, 286-293, https://doi.org/
10.1016/j.proeng.2017.07.201.

Ulengin, F., Topcu, Y.I. and Sahin, S.0. (2001): An integrated
decision aid system for Bosphorus water-crossing problem.
European Journal of Operational Research, 134(1), 179-
192, https://doi.org/10.1016/S0377-2217(00)00247-2.

Wu, H.Y., Chen, J.K., Chen, 1.S., and Zhuo, H.H. (2012):
Ranking universities based on performance evaluation by
a hybrid MCDM model. Measurement, 45(5), 856-880,
https://doi.org/10.1016/j.measurement.2012.02.009.

SAZETAK

Wu, P, Zhao, G. and Li, Y. (2022): Green Mining Strategy
Selection via an Integrated SWOT-PEST Analysis and
Fuzzy AHP-MARCOS Approach. Sustainability, 14, 13,
7577, https://doi.org/10.3390/sul4137577.

Xu, C., Zhou, K., Xiong, X., Gao, F. and Lu, Y. (2023): Predic-
tion of mining induced subsidence by sparrow search algo-
rithm with extreme gradient boosting and TOPSIS method.
Acta Geotechnica, 1-17, 10.1007/s11440-023-01830-7.

Yavuz, M.A.HM.U.T. (2015): Equipment selection based on
the AHP and Yagerys method. Journal of the southern afri-
can institute of mining and metallurgy, 115, 5, 425-433,
10.17159/2411-9717/2015/v115n5al10.

Yazdani-Chamzini, A., Haji Yakchali, S. and Kazimieras Za-
vadskas, E. (2012): Using a integrated MCDM model for
mining method selection in presence of uncertainty. Eco-
nomic research-Ekonomska istrazivanja, 25, 4, 869-904,
https://doi.org/10.1080/1331677X.2012.11517537.

Zhang, G.D., Xue, Y.G., Bai, C.H., Su, M.X., Zhang, K. and
Tao, Y.F. (2021): Risk assessment of floor water inrush in
coal mines based on MFIM-TOPSIS variable weight mod-
el. Journal of Central South University, 28, 8, 2360-2374,
https://doi.org/10.1007/s11771-021-4775-x.

Odabir najprikladnije metode eksploatacije u iranskome rudniku zlata Kodakan

Odabir eksploatacijske metode izazovan je i sloZen proces u rudarskome inZenjerstvu. Ovisi o raznim ¢imbenicima kao
$to su geotehnicka, geoloska i ekonomska svojstva i karakteristike. U iranskome rudniku zlata Kodakan trenuta¢no se
eksploatira povrsinskim kopom. Medutim, zbog posebnih uvjeta i povec¢anja troskova uklanjanja otkrivke neizbjezno je
u budu¢nosti odabrati odredenu metodu podzemne eksploatacije. Cilj je istrazivanja odabir najprikladnije metode pod-
zemne eksploatacije za ovaj rudnik. Oblik, nagib i dubina lezista, debljina rude, distribucija kvalitete rude, iskoristenje,
kvalificirana radna snaga, u¢inak po radniku, ¢vrstoca rude, krovine i podine smatraju se glavnim parametrima za odlu-
ku. Zbog razli¢itih ¢imbenika u odabiru odgovarajuce metode eksploatacije pri pristupu odlucivanja s vi$e parametara
koristena je hibridna metoda odluc¢ivanja kako bi se povecala uspjesnost modela odlucivanja i otklonili nedostatci kla-
si¢nih metoda. Rezultati istrazivanja pokazali su da najvecu teZinsku vrijednost pri odabiru metode podzemne eksploa-
tacije imaju indeks kvalitete jezgre krovine i oblik lezista. Pored toga, natkopna metoda predlozena je kao najprikladni-
ja metoda podzemne eksploatacije.
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