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Abstract: The selection of the mining method is one of the most crucial decisions in the stage of design-
ing mines. This depends on some underlying parameters such as economic, technical and efficiency prop-
erties. The parameters may be collected and examined in a wide range of methods including core drilling
and developmental planning of an active mine. The process of selecting the mining method can be de-
scribed as multi-criterion decision-making due to the several factors involved in the evaluation process.
Through the multi-criterion decision-making, the structure of problems is analyzed. However, multi-
criteria decision-making (MCDM) is often criticized because of its inability to handle uncertain and im-
precise problems. Thus, the fuzzy decision-making is proposed as a powerful tool. Therefore in this pa-
per, the fuzzy technique for order performance by similarity to ideal solution (Fuzzy TOPSIS) is used to
select the best mining method among square-set stoping, cut-and-fill stoping, shrinkage stoping and
sublevel stoping at the Kamar Mahdi fluorine mine based on 14 criteria such as deposit thickness, deposit
dip, grade distribution, joint spacing in deposit and hanging wall as well as the cost of mining. Other
criteria with the same importance for the four alternatives are neglected. Finally, the alternatives are
ranked and the shrinkage stoping is proposed as the optimal mining method for this mine.

Keywords: mining method selection, the Kamar Mahdi Fluorine Mine, fuzzy TOPSIS, shrinkage stoping.

INTRODUCTION

Mining method selection underlies every mining operation and is essential for es-
timating capital and operating costs of alternatives in order to maximize economic
return. This selection is an important task for mine management due to its operational
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cost, and also an integral part of mine planning and design. Most importantly, the ap-
propriate mining method increases the safety of employees and secures the production
(Peskens, 2013). Mining method selection is not a well-defined process because it
involves the interaction of several subjective factors or criteria. In this process, several
controllable and uncontrollable parameters should be taken into account (Bakhtavar et
al., 2009). Therefore, these parameters should be reached according to scientific and
technical studies for each ore deposit (Kahriman et al., 1994; Demirci et al., 1995).
Because of the multiplicity of effective factors in selection of an appropriate mining
method, this is not a simple problem to deal with. As is true for other deposits, the
selection of an exploitation method for fluorine deposit includes modeling the ore
deposit followed by examining alternatives for mining and treatment.

Several qualitative and quantitative methods have been developed to evaluate suit-
able mining methods for an ore deposit based on geometry of deposit (depth, shape,
thickness, dip), rock quality (ore zone and host rock competency, i.e. structures, stress,
stability), ore variability (ore uniformity, continuity, grade distribution) and economics
(ore recovery, ore value and mine recovery, productivity, capital and operating costs).
Some of these methods have been presented by Boshkov & Wright (1973), Morrison
(1976), Laubscher (1977, 1981), Nicholas (1981, 1992), Tymshore (1981), Hamrin
(1982), Brady & Brown(1985), Yun & Huang (1987), Laubscher & Page (1990),
Hartman (1992), Adler & Thompson (1992), Kahriman et al. (1994), Demirci et al.
(1995), Miller et al. (1995), Clayton et al. (2002), Guray et al. (2003), Bitarafan &
Ataei (2004), Shahriar et al (2007), Yavuz & Alpay (2008), Alpay & Yavuz (2009),
Zare Naghadehi et al. (2009), Bakhtavar et al. (2009) Azadeh et al. (2010), Ozfirat
(2012), Bogdanovic et al. (2012), Ataei et al. (2013), Peskens (2013), Shariati et al.
(2013), Rahimi Ghazikalayeh et al. (2014), Ozfirat et al. (2015), Njamba & Mutambo
(2016), Dehghani et al. (2017), Javanshirgiv et al. (2017) and Balusa & Singam
(2017). These studies were neither enough nor complete. The complexity of the matter
stems from some basic facts, especially the absence of a specific formulation for se-
lecting an appropriate mining method (Guray et al., 2003). In this regard, the use of
the multi-criterion decision-making (MCDM) has managed to overcome many of the
shortcomings of the aforementioned studies. However, the MCDM methods are often
criticized because of their inability to handle the uncertain and imprecise problems, so
the fuzzy decision-making has been proposed as a powerful tool. The fusion between
the MCDM and fuzzy set theory has led to a new decision theory known today as
fuzzy multi-criterion decision-making (FMCDM) where we have decision-maker
models that can deal with incomplete and uncertain knowledge and information. It
should be noted that humans’ judgment usually necessitates the use of a natural lan-
guage in which the words do not have a clear, definite meaning. As a result, we need
fuzzy numbers to express linguistic variables, to describe the subjective judgment of a
decision maker in a quantitative manner (Nadaban et al., 2016). Fuzzy sets and fuzzy
logic are powerful mathematical tools for modeling uncertain systems in industry,
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nature, and humanity and facilitators for common sense reasoning in decision making
in the absence of complete and precise information (Bojadziev & Bojadziev, 1998).
Since the selection of the mining method is an MCDM type of problem and for the
problems of selection type, fuzzy methods are more common than precise and certain
models, in this paper, the fuzzy TOPSIS, one of the FMCDM methods, is used to se-
lect the mining method in the Kamar Mahdi Fluorine Mine.

FUZZY TOPSIS METHOD

In the TOPSIS method, accurate and definite values are applied in order to deter-
mine criteria and option weights (Mohammadi Farzami & Vafaei, 2013). However, in
most cases, human thinking is accompanied with indeterminacy, which influences
decision making. Decision-making methods based on fuzzy theory are used for deci-
sions hindered by uncertainty. The fuzzy theory is one of the modern techniques
which can deal with the impreciseness of input data and domain knowledge by giving
quick, simple and often sufficiently good approximations of the desired solutions (Ko
et al., 2010; Kazi, 2012). This theory is able to convert most incorrect and enigmatic
concepts, variables and systems into a mathematical form, and set the context for rea-
soning, deduction and decision-making at uncertainty conditions (Mohammadi Far-
zami & Vafaei, 2013). When the TOPSIS and Fuzzy theory are used together, they
form the FTOPSIS approach which is used in the current study for selecting the ap-
propriate mining method. Instead of using crisp humbers in the TOPSIS, it makes use
of fuzzy numbers. These numbers allow for the performance of the computational
analysis and rank the alternatives (Rudnik & Kacprzak, 2017). The fuzzy TOPSIS
method was first developed by Hwang & Yoon (1981). This method is based on mul-
tiple-criteria decision-making (MCDM), and the elements of decision-making matrix
or the weights of criteria or both of them are evaluated by lingual variables presented
by fuzzy numbers. Thus, the problems could be overcome by the TOPSIS method
(Mohammadi Farzami & Vafaei, 2013; Ashrafzadeh et al., 2012). This method is par-
ticularly suitable for solving the group decision-making problem under fuzzy envi-
ronment (Torfi et al., 2010; Safari et al., 2012).

The fuzzy TOPSIS procedure involves the following steps (Wang & Chang, 2007;
Safari et al., 2012; Javanshirgiv et al., 2017; Nadaban et al., 2016; Rudnik & Kacpr-
zak, 2017):

Step 1. Identify the evaluation criteria and alternatives.

Step 2. Choose the appropriate linguistic variables.

Triangular fuzzy numbers can be used to represent linguistic variables, which can
be used for the importance weight of the criteria (Tab. 1) and the evaluation of alterna-
tives with respect to each criterion (Tab. 2) (Zadeh, 1975).
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Tab. 1. Linguistic variables for the importance Tab. 2. Linguistic variables for the ratings
weight of each criterion — - -

Linguistic variables Fuzzy triangular
Linguistic variables Fuzzy triangular Very poor (VP) (0,1,3)
Very Low (VL) (0,01,03) Poor (P) (1,3,5)
Low (L) (0.1,0.3,0.5) Fair (F) (3,5,7)
Medium (M) (0.3,05,0.7) Good (G) (5,7,9)
High (H) (05,0.7,0.9) Very Good (VG) (7,9, 10)

Very High (VH) (0.7,0.9,1)

Step 3. Define the fuzzy decision matrix.

A fuzzy multi-criteria decision-making problem can be concisely expressed in ma-
trix format like Eq. 1.

X11 X1 X1n
_Xml e ij e an_

Where )?ij are linguistic variables that can be shown by triangular fuzzy numbers:
Step 4. Normalize the fuzzy decision matrix R ([Fij D.

The decision matrix must first be normalized so that the elements become unit-
free. The process is to transform different scales and units among various criteria into
common measurable units to allow comparisons across the criteria. The vector nor-

malization technique is used for computing element Fij of the normalized decision
matrix, which is given as the normalized fuzzy decision matrix. Linear scale transfor-
mation is used to transform the various criteria scales into a comparable scale. There-
fore, it is possible to obtain the normalized fuzzy decision matrix denoted by R :
FE:['r‘ij]mXn i=12...m;j=12...n (2)

or
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Ay o Bj o fp
R=| fiy fij fin
where:
T T T it
rij: — T x ,Cj ZMan{Cij}S, if JEBv (4)
Ci Ci: Cj;
J J J
ai a; a;j
m_[%bjuaju] aj = Min{gjj}, if j<C. ©)

Here, B and C are the sets of benefit and cost criteria. Upon obtaining benefit and
cost attributes, the discrimination between maximization or minimization criteria de-
sired to achieve by a decision maker would be possible.

Step 5. Establish criteria weighted matrix.
It cannot be assumed that each evaluation criterion is of equal importance because
the evaluation criteria have various meanings.

W =Wy, Wy, ..., W] (6)

where v"vj are linguistic variables that can be shown by triangular fuzzy numbers:

\ijz (le,wj2 ,Wj3).
Step 6. Compute the normalized weighted fuzzy decision matrix.

The determination of the weight of each criterion provides the weighted normal-
ized fuzzy decision matrix as follows:

Vll \712 e \71n
\ V. . v

v=| 2t fz2 o )
le \7m2 eee \7mn
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where: vi = rij.wij

Step 7. Compute the fuzzy positive ideal solution (FPIS) and the fuzzy negative
ideal solutions (FNIS).

The FPIS indicates the most preferable alternative, and the negative ideal solution
indicates the least preferable alternative. So, we can now determine the FPIS (A") and
FNIS (A") as follows (Chen, 2000; Chen et al., 2006):

* * * * * . -
A ={0 Ty eV b G =Maxi{} i=12,.,m, j=12,..,n (8)
A" =g 0y W T = Mingdd} L i=120.m =120 (9)

Step 8. Compute the distance from each alternative to the FPIS and to the FNIS.
The distance of each alternative from the FPIS and FNIS are calculated using the
following equations (Eq. 10-13):

Si*ZZdV(Vij'Vj*) s i=1,2,...,m (10)
Si_:ZdV(Vij,Vj_) y i=1,2,...,m (11)
dy(vij v} ) =\/§(z<vij —v{")%) (12)
dv (vjj ,Vj_)=\/%(Z(Vij —Vj_)z) (13)

Where d (.,.) is the distance measured between two fuzzy numbers.

Step 9. Compute the closeness coefficient of each alternative.
For each alternative A; we calculate the closeness coefficient (CC;) as follows:
S

CCi=—%— ,i=12..m (14)

Si +Si

Step 10. Rank the alternatives.
The alternative with highest closeness coefficient represents the best alternative.
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CASE STUDY

The Kamar Mahdi Il Fluorine Mine is located on 85 kilometers southwest of Ta-
bas, in the South Khorassan province in the east of Iran. The total proved reserve of
the Kamar Mahdi Il Fluorine Mine approximates to 284,000 tons, with average grade
of 90 to 95 percent of fluorine and an average thickness of 0.4 to 2 meters.

According to low thickness and special characteristics of the deposit including
high altitude extending to the depth and increasing thickness in lower depths, this de-
posit may be mined with maximum recovery and minimal cost by the selection of the
appropriate mining method. The most important geometrical characteristics and rock
mechanical properties of for this deposit are listed in Tab. 3 and Tab. 4.

Tab. 3. Geometrical characteristics

Grade distribution Shape Thickness Deposit dip
Uniform Vein Narrow 85 degree

Tab. 4. Rock Mechanical properties

Parameter Ore Hangingwall Footwall
Rock substance strength (RSS) Medium Strong Medium
RQD 75% 90-100% 75%
Fracture shear strength Medium Strong Strong

ALTERNATIVES

The aim of this paper is to determine the suitable mining method for the Kamar
Mahdi Il Fluorine ore body. According to the technical characteristics of the Kamar
Mahdi Il Fluorine ore body such as thickness, slope, shape, the strength of the ore and
the rock mass, four mining methods (alternatives) including cut-and-fill stoping (A,),
sublevel stoping (A,), square-set stoping (Asz) and shrinkage stoping (A;) methods are
executable. These mining methods are explained as follows. The purpose of discuss-
ing these methods is not to critique them but simply to present the alternatives avail-
able to aid in selecting the most appropriate.

Cut and fill stoping is a method of underground mining used in steeply dipping de-
posits and in mining high-grade irregular ore bodies (Hamrin, 1980). Where ore and/or
wall rocks are weak, and hence both opening size and allowable time between ore
removal and filling of the excavation is strictly limited, this method can be applied
(Bullock, 2011). A stoping method in which each slice of rock is removed after blast-
ing and replaced with some type of fill material (Fig. 1) (Nicholas, 1992).


http://www.ritchiewiki.com/wiki/index.php/Underground_mining
http://www.ritchiewiki.com/wiki/index.php/ore

168 Mohammad JAVANSHIRGIV, Mohsen SAFARI

.....

Fig. 1. Cut and fill stoping (Hamrin, 1980) Fig. 2. Sublevel stoping (Hamrin, 1982)

Sublevel stoping is a method of underground mining method that involves vertical
mining in a large, open stope that has been created inside an ore vein. The method
only applies to vertical or steeply inclined ore bodies. In order to use this method, the
hanging wall and the footwall of the ore body must be strong (Hartman & Mut-
mansky, 2002). This method is an overhand mining method in which the ore is blasted
by longholes from sublevels. In this method the deposit is so large or thick that sub-
levels are required and the blasting requirements approach those of open pit opera-
tions. The ore is drawn off as it is blasted, leaving an open stope. The stopes are sepa-
rated by pillars. The stopes may or may not be filled after mining is completed, and if
filled, the pillars are usually recovered using the same method or some type of cut and
fill stoping (Fig. 2). The parameters that control this method are an appropriate ge-
ometry and competent enough ground to leave open stopes (Nicholas, 1992).

Square set stoping: In square set stoping method, prisms of timber are formed to
replace the rock mined and to support the surrounding rock (Fig. 3) (Nicholas, 1992).
This method is adapted to mining regular or irregular ore bodies, commonly on dips
steeper than about 45°, where the ore and/or walls are too weak to stand even over
short spans for more than short time, and where caving and subsidence of overlying
rocks must be prevented (Gardner & Vanderburg, 1982).
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Fig. 3. Square-set stoping. A — Square-set timbering. B — Vertical transverse section
through typical square-set stope. (Gardner & Vanderburg, 1982)

Shrinkage stoping: A stoping method in which the ore is blasted, with most of it
being left in the stope to accumulate until blasting is completed. The broken ore is
then drawn off all at once (Fig. 4). This method is usually used in narrow, steep depos-
its where the walls are not competent enough to stand without some support, which is
provided by the blasted muck (Nicholas, 1992).

¥ (also ventilation)

Fig. 4. Shrinkage stoping (Hamrin, 1998)
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EFFECTIVE CRITERIA

The selection of a suitable mining method for an ore deposit is dependent on many

criteria and variables such as:

Engineering properties of mineral deposit, hangingwall and footwall (Carter, 2011)
Geotechnical factors including rock quality (ore zone) and host rock competency
(structures, stress, stability) (Peskens, 2013; Carter, 2011)

Geometry of deposit (depth, shape, thickness, dip, plunge)

Mining production rate (Peskens, 2013; Carter, 2011)

Ore variability (ore uniformity, continuity, grade distribution)

Processing characteristics of the ore

Economic factors including the capital and operating costs, ore recovery, ore value
and mine recovery

Safety for employees and low environmental impact (Carter, 2011).

In this paper, some criteria such as the mining cost, ore body thickness, ore body

shape, grade distribution, the rock substance strength (RSS) and rock quality designa-
tion (RQD) of ore, hangingwall and footwall, joint shear stress of ore, hangingwall
and footwall and slope are effective in selecting the appropriate mining method at the
Kamar Mahdi Il Fluorine Mine. These criteria are classified into qualitative and quan-
titative categories. Some of these criteria are negative and some are positive. For ex-
ample, the cost of mining is a negative criterion and the grade distribution is a positive
one (Tab. 5). It should be mentioned that these criteria are chosen based on compre-
hensive literature review.

Tab. 5. The classification of criteria

Variable Criterion Category
C: Ore body thickness Quantitative
C, Ore body shape Qualitative
Cs Grade distribution Qualitative
Cy RSS of ore Qualitative
Cs RSS of hangingwall Qualitative
Cs RSS of footwall Qualitative
C, RQD of ore Quantitative
Cs RQD of hangingwall Quantitative
Co RQD of footwall Quantitative
Cupo Fracture shear strength of ore Qualitative
Cn Fracture shear strength of hangingwall Qualitative
Ci Fracture shear strength of footwall Qualitative
Cis Deposit dip Quantitative
Cu Mining costs Quantitative
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Mining cost: Mining costs include capital and operating costs. Estimates of capital
and operating costs are necessary for selection of underground mining method. The
operating cost of a mine is the cost associated with the production of ore from the
primary mining method. The operating cost divided by the number of salable units of
production mined creates a metric used to compare efficiency between competing
production alternatives — which is $/ton. Initial capital cost is defined as the amount of
investment needed before the mine begins to generate revenue (Nieto, 2011).

Ore body thickness: Thickness plays an important role in opening stability and
may prevent certain equipment from functioning efficiently or mining methods from
being effective (Nieto, 2011). Tab. 6 shows the categories and value ranges for ore
body thickness.

Tab. 6. Ore body thickness

Description Range in Values
Very Narrow < 3 meters
Narrow 3-10 meters
Intermediate 10-30 meters
Thick > 30 meters

Shape of ore deposit: This factor is important parameter to consider as they di-
rectly influence development requirements and equipment selection. Furthermore,
certain deposit geometries are more applicable to certain mining methods than are
others (Samimi Namin et al., 2008). According to shape features, ore deposits are
classified into three groups as follows:

Massive: A massive deposit may possess any shape. The ore is often distributed in
low concentrations over a wide area with varying horizontal and vertical extents. For
the purposes of mining method selection, massive deposits are often accompanied by a
more specific clause like “massive with large vertical extent.” These additions are
necessary because the shape of a massive deposit is variable and may be unsuitable for
certain mining methods (Nieto, 2011).

Tabular: A tabular deposit is flat and thin, and has a broad horizontal extent. Most
methods designed to exploit tabular deposits may be adapted to mine lenticular ones
(Nieto, 2011).

Columnar: A columnar deposit extend in one direction, like; veins, layer, bed,
seam, sheet, lenses.

Grade distribution: The grade distribution of the ore in the mineral deposit must be
considered, as poor uniformity of grade distribution may render some mining methods
unviable. Some mining methods are well suited to flexibility because they can selec-
tively extract specific sections of a deposit without disrupting the overall operation
(Carter, 2011). For example, deposits having an erratic grade distribution, with ore
grade changing over short intervals, are more faverably mined using more expensive,
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but more selective techniques, such as cut and fill stoping (Samimi Namin et al.,
2008). Ore grade distribution designations are as follows (Nicholas, 1981):

Uniform: The grade at any point in the deposit does not vary significantly from the
mean grade for that deposit.

Gradational: Grade values have zonal characteristics, and grades change gradually
from one to another.

Erratic: Grade values change radically over short distances and do not exhibit any
discernible pattern in their changes.

Rock substance strength (RSS): The parameters such as UCS, vertical stress vari-
ous with depth, and ratio of horizontal to vertical stress are applied to define the RSS
(Samimi Namin et al., 2008). The RSS is a dimentionless parameter defined as the
ratio the uniaxial strength of rock mass to the overburden pressure. Tab. 7 summarizes
the categories and value ranges for RSS.

Fracture shear strength: The fracture shear strength is an important factor in min-
ing method selection. To execute an appropriate design, this parameter must be under-
stood. The behavior of the hangingwall and footwall can be pivotal in the success of
mechanized mining systems. This parameter is categorized as follows (Nicholas,
1981):

Weak: clean joint with a smooth surface or fill with material with strength less
than rock substance strength.

Moderate: clean joint rough surface.

Strong: joint is filled with a material that is equal to or stronger than rock sub-
stance strength.

Rock quality designation (RQD): Any process intended to aid the selection of an
excavation method in for undermining method must consider the RQD. The RQD
index was developed by Deere et al. (1967) to provide a quantitative estimate of rock
mass quality from drill core logs. RQD is defined as the percentage of intact core
pieces longer than 100 mm in the total length of core (Carter, 2011).

Deposit dip: Dip is defined as the angle of inclination of a plane measured down-
ward, perpendicular to the strike direction. The deposit dip is more relevant to tabular
ore bodies than massive ones, although it may sometimes be a consideration for the
latter. Deposit dips are categorized and defined in Tab. 8. Several methods are highly
dependent on gravity for material. Alternatively, low working slopes are a key factor
in the application of mechanization for cutting and loading as well as material haulage
by rubbertired, rail, or conveyor-belt methods (Nieto, 2011). Therefor this factor is
important to mining method selection.

Finally, to select an appropriate mining method for Kamar Mahdi 11 fluorine mine,
investigation was carried out to assess the importance of the criteria to be incorporated
in the fuzzy TOPSIS model. The most important criteria (14 criteria) relating to the
mining method selection are listed as a questionnaire and respondents were asked to



The selection of an underground mining method using the fuzzy topsis method... 173

rate each factor according to five-point scale and evaluate each alternative based on
each criterion.

Tab. 7. Rock substance strength (Nicholas, 1981) Tab. 8. Deposit orientation definitions
Description Range in Values Inclination Category | Dip Angle, degrees
Weak <8 Low 0-5
Moderate 8-15 Moderate 5-25
Strong >15 Fairly steep 25-45

Steep 45-90

NUMERICAL EXAMPLE

For determination of the best mining method among four proposed alternatives the
fuzzy TOPSIS method involves the following items:

In the first step of the Fuzzy TOPSIS analysis, the decision makers use the linguis-
tic variables (according to Tabs.1 and 2) to evaluate the relative importance or weights
of criteria and the ratings of alternatives for various attributes. Final results on the
outcome of decision makers’ views are presented in the fuzzy decision matrix (Tab. 9)
and the criteria weight matrix (Tab. 10).

Tab. 9. Fuzzy decision matrix

Criteria A A, Az Ay
C, VP VP VG VG
C, F P P VG
Cs G P P G
C, F VG G P
Cs F VG P F
Ce F F P F
C, G VP P VG
Cg F VG VP F
Cy F F G F
Cyo G F F G
Cp F VG VP F
Cp, F VG G F
Cis VG VG VG G
Cu G P VG F

It should be mentioned that the paired comparison matrix was used to determine
the weights of the criteria. Next, using the special vector method, the weighted criteria
matrix was calculated and the values of this matrix were turned into equivalent fuzzy
values. In order to validate the entropy calculations, the degree of deviation and the
weight of each criterion were calculated using Shannon entropy method, and they
were compared to the results obtained from the special vector method, which showed
similar results.
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Then, in order to remove a dimension by using Egs. 2 to 5, the decision matrix is
normalized, the corresponding matrix is presented in Tab. 11.

Tab. 10. Criteria weight matrix

Variable Criterion Weight

C, Ore body thickness (0.7,0.9,1)

C, Ore body shape (0.5,0.7,0.9)

Cs Grade distribution (0.7,0.9,1)

C, RSS of ore (0.5,0.7,0.9)

Cs RSS of hangingwall (0.7,0.9,1)

Cs RSS of footwall (0.7,0.9,1)

C, RQD of ore (0.5,0.7,0.9)

Csg RQD of hangingwall (0.5,0.7,0.9)

Cy RQD of footwall (0.5,0.7,0.9)

Cio Fracture shear strength of ore (0.5,0.7,0.9)

Cu Fracture shear strength of hangingwall | (0.5,0.7,0.9)

Cp Fracture shear strength of footwall (0.5,0.7,0.9)

Cis Deposit dip (0.7,0.9,1)

Cu Mining costs (0.7,0.9,1)

Tab. 11. Normalized fuzzy decision matrix
Criteria A, A, Az A,

C, (0,0.1,0.3) (0,0.1,0.3) (0.7,09,1) (0.7,09,1)
C, (0.3,0.5,0.7) (0.1,0.3,0.5) (0.1,0.3,0.5) (0.7,0.9,1)
Cs (0.56,0.78,1) (0.11,0.33,0.56) | (0.11,0.33,0.56) (0.56,0.78,1)
C, (0.3,0.5,0.7) (0.7,0.9,1) (0.5,0.7,0.9) (0,0.1,0.3)
Cs (0.3,0.5,0.7) (0.7,0.9,1) (0.1,0.3,0.5) (0.3,0.5,0.7)
Cs (0.33,0.56,0.78) | (0.33,0.56,0.78) (0.56,0.78,1) (0.33,0.56,0.78)
C; (0.5,0.7,0.9) (0,0.1,0.3) (0.1,0.3,0.5) (0.7,0.9,1)
Cs (0.3,0.5,0.7) (0.5,0.7,0.9) (0,0.1,0.3) (0.3,0.5,0.7)
Cy (0.33,0.56,0.78) | (0.33,0.56,0.78) (0.56,0.78,1) (0.33,0.56,0.78)
Cuo (0.56,0.78,1) (0.33,0.56,0.78) | (0.33,0.56,0.78) (0.56,0.78,1)
Cu (0.3,0.5,0.7) (0.7,0.9,1) (0,0.1,0.3) (0.3,0.5,0.7)
Ci (0.3,0.5,0.7) (0.7,0.9,1) (0.5,0.7,0.9) (0.3,0.5,0.7)
Cis (0.5,0.7,0.9) (0,0.1,0.3) (0.7,0.9,1) (0.3,0.5,0.7)
Cu (0.1,0.11,0.14) (0.1,0.11,0.14) (0.1,0.11,0.14) (0.11,0.14,0.2)
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Tab. 12. The normalized weighted fuzzy decision matrix

Criteria A A, Az Ay
C; (0,0.09,0.3) (0,0.09,0.3) (0.49,0.81,1) (0.49,0.81,1)
C, (0.15,0.35,0.63) (0.05,0.21,0.45) (0.05,0.21,0.45) (0.35,0.63,0.9)
Cs (0.39,0.7,1) (0.08,0.3,56) (0.08,0.3,56) (0.39,0.7,1)
C, (0.09,0.49,0.9) (0.35,0.63,0.9) (0.25,0.49,0.81) (0.05,0.21,0.45)
Cs (0.21,0.45,0.7) (0.49,0.81,1) (0.07,0.27,0.5) (0.21,0.45,0.7)
Cs (0.23,0.5,0.78) (0.23,0.5,0.78) (0.39,0.7,1) (0.23,0.5,0.78)
C, (0.25,0.49,0.81) (0,0.07,0.27) (0.05,0.21,0.45 (0.35,0.63,0.9)
Csg (0.15,0.35,0.63) (0.35,0.63,0.9) (0,0.07,0.27) (0.15,0.35,0.63)
Cy (0.17,0.39,0.7) (0.17,0.39,0.7) (0.28,0.54,0.9) (0.17,0.39,0.7)
Cuo (0.28,0.54,0.9) (0.17,0.39,0.7) (0.17,0.39,0.7) (0.28,0.54,0.9)
Cu (0.15,0.35,0.63) (0.35,0.63,0.9) (0,0.07,0.27) (0.15,0.35,0.63)
Cpn (0.15,0.35,0.63) (0.35,0.63,0.9) (0.25,0.49,0.81) (0.15,0.35,0.63)
Cis (0.35,0.63,0.9) (0.07,0.27,0.5) (0.49,0.81,1) (0.21,0.45,0.7)
Cu (0.07,0.1,0.14) (0.07,0.1,0.14) (0.07,0.1,0.14) (0.08,0.13,0.2)
Tab. 13. (FPIS) and (FNIS)
Criteria FPIS FNIS

C; 1,11 (0,0,0)

C, (0.9,0.9,0.9) (0.05,0.05,0.05)

Cs 1,11 (0.08,0.08,0.08)

C, (0.9,0.9,0.9) (0.05,0.05,0.05)

Cs 1,11 (0.07,0.07,0.07)

Cs 1,11 (0.23,0.23,0.23)

C; (0.9,0.9,0.9) (0,0,0)

Cs (0.9,0.9,0.9) (0,0,0)

Cy (0.9,0.9,0.9) (0.17,0.17,0.17)

Cio (0.9,0.9,0.9) (0.17,0.17,0.17)

Cu (0.9,0.9,0.9) (0,0,0)

Cp, (0.9,0.9,0.9) (0.15,0.15,0.15)

Cis 1,11 (0.07,0.07,0.07)

Cu (0.07,0.07,0.07) (0.2,0.2,0.2)
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Tab. 14. Distance of each alternative from the FPIS

Cy

C,

Cs

Cy

Cs

Ce

Cs

&

Co

ClO

C11

C12

A

0.88

0.56

0.39

0.56

0.58

0.54

0.45

0.56

0.53

0.41

0.56

0.56

0.44

0.05

7.06

A

0.88

0.68

0.68

0.35

0.31

0.54

0.79

0.35

0.53

0.53

0.35

0.35

0.74

0.05

7.15

0.31

0.68

0.68

0.45

0.74

0.39

0.74

0.79

0.41

0.53

0.79

0.45

0.31

0.05

7.34

0.31

0.35

0.39

0.68

0.58

0.54

0.39

0.56

0.53

0.41

0.56

0.56

0.58

0.08

6.54

Tab. 15. Distance of each alternative from the FNIS

Cy

C,

Cs

Cy

Cs

Ce

Cs

Cs

Co

ClO

Cll

ClZ

ClS

Cu

5

A

0.18

0.38

0.67

0.38

0.43

0.35

0.57

0.43

0.33

0.48

0.43

0.30

0.60

0.10

5.62

A

0.18

0.25

0.30

0.62

0.73

0.35

0.16

0.67

0.33

0.33

0.67

0.53

0.27

0.10

5.49

As

0.80

0.25

0.30

0.52

0.27

0.53

0.29

0.16

0.48

0.33

0.16

0.43

0.73

0.10

5.35

A

0.80

0.62

0.67

0.25

0.43

0.35

0.67

0.43

0.33

0.48

0.43

0.30

0.43

0.08

6.26

Egs. 10 to 13. The results are presented in Tabs. 14 and 15.

The next, by using Eqg. 7, the normalized weighted fuzzy decision matrix is calcu-
lated and the result is given in Tab. 12.
The FPIS and the FNIS were determined as Tab. 13. After determining the FPIS
and FNIS, the distance of each alternative from the FPIS and FNIS was obtained as

Consequently, the closeness coefficient of each alternative (Fig. 5) can be calcu-
lated as shown below:

. 562

A 7.06+5.62
549

% 5494715
535

A 53517.34
626

M 6264654

The closeness coefficient clearly shows the ranking order of all alternatives. Based
on these values, the ranking of the alternatives are shrinkage stoping (A,), cut-and-fill
stoping (A,), sublevel stoping (A,) and square-set stoping (As) in descending order.
This means that alternative A, (shrinkage stoping) has the highest weight, implying
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that the most suitable mining method for the Kamar Mahdi Il fluorine mine is this
option.

035 -
048 -

046 -

0.49
044
044 - 0.43
] I }
- L T T I T
Al A2 Al Ad

Aalternatives

=
.
[

=
o

The closeness coefficient value

=1
a
(=]

Ei

g. 5. The closeness coefficient of alternatives

CONCLUSION

One of the most critical and complicated steps in mine design is a selection of the
best mining method. The selection of mining method is a multi-criteria decision-
making problem which needs to be managed appropriately. Selection Process deals
with some factors affecting on selection approach. Since decision-making problems in
the field of engineering mining usually bear uncertainty, decision methods employ the
fuzzy theory. Therefore, the fuzzy TOPSIS is used for the selection of mining method
in the Kamar Mahdi Fluorine Mine. In this regard, 14 criteria are considered. Based on
technical characteristics of this ore body such as thickness, slope, shape, strength of
the ore and rock mass, four mining methods (alternatives) including cut-and-fill stop-
ing (A1), sublevel stoping (A,), square-set stoping (As) and shrinkage stoping (A,) are
executable. The alternatives are evaluated according to respective criteria based on
technical and experimental experiences as well as decision makers and experts’ opin-
ions. Finally, the alternatives are ranked by the fuzzy TOPSIS method, leading to the
selection of shrinkage stoping as the best mining method.
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