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Increasing the production rate and minimizing the related costs, while optimizing the safety measures, are nowadays’ most important tasks
in the mining industry. To these ends, mechanization of mines could be applied, which can result in significant cost reductions and higher
levels of profitability for underground mines. The potential of a coal mine mechanization depends on some important factors such as seam
inclination and thickness, geological disturbances, seam floor and roof conditions. Mechanization of underground mines requires substantial
investments. Therefore, thorough inspection of pertaining aspects is of highest importance before a final decision. The main aim of this study
is to develop a new approach to rank the mechanization potential of different coal seams in the Tazareh coal mine complex based on multi-
criteria decision-making methods. In fact, a decision-making approach is an effective tool for dealing with complex decision-making processes,
and the obtained results may aid the decision maker to determine the priorities and make the best decision. To this end, an integrated Fuzzy
Delphi Analytical Hierarchy Process (FDAHP) - PROMETHEE method was utilized to rank coal stopes from the best to the worst. Among
different coal seams, K19 was selected as the optimal alternative for mechanization of the Tazareh coal mine complex. In addition, in order to
investigate the effects of the pertaining factors on the final decision, a sensitivity analysis was performed. The results obtained from sensitivity

analysis showed that K19 with 71.4% of votes had the highest potential for mechanization.
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1. Introduction

Efforts in coal mines have predominantly been motivated for a
number of goals, including reducing the material costs, decreasing the
number of stopes, lowering the level of labor inputs, and maximizing
the production rate. Coal is one of the most important sources of energy
in industries and an outlook in its demanding shows an increasing
requirement in the years to come [1-2]. It shows that coal production
has to be increased. Mechanization of extraction processes in coal mines
is a strategy which will naturally result in higher rates of coal production.
Nowadays, the use of machinery equipment in mining industries has
resulted in improvement in working conditions and production rates
[3]. However, recent researches and tests conducted regarding the
mechanization of coal mines have revealed that the machinery and
geological conditions are not the only significant factors that influence
the mine mechanization process. Other factors such as the management
system, necessary training, accomplishments of mechanization, etc. are
also affect the mechanization process [4].

Various studies have been conducted to investigate the capability of
coal seams for mechanization, some of which offering classification sets
for the possibility of mechanization in coal mines. According to previous
studies, the most effective and important parameters affecting the coal
mine mechanization process can be divided into two distinct groups,
including geometric characteristics and environmental conditions of a
coal seam [5]. Seam inclination, thickness, uniformity, and extension are

the most important parameters of geometric characteristics of a coal
seam. Moreover, roof and floor conditions of a seam and also water
condition at working face are the main parameters of environmental
conditions that can impact upon the mechanization process. In the
following, the characteristics of each parameter will be discussed.

In general, seam inclination is related to dip angle of a coal seam,
herein coal seams with low dip angles being suitable for mechanization.
From a technical point of view, an increase in seam inclination can cause
difficulties with mechanizability (“mechanizability” is used to express
the quality of being mechanizable) of a coal seam. In addition to seam
inclination, seam thickness and its regularity are the controlling
parameters on the level of mechanization for a typical coal seam. The
mechanization of an extraction operation is usually carried out in coal
seams with thickness varying from 0.6 to 5 meters [2].

From a geological point of view, the effects of geological structures
such as faults and crashed zones on the mechanizability of the coal seam
cannot be ignored. For instance, by increasing the presence of faults or
joints as adverse geological structures within a seam, the
mechanizability of seam will reduce. In addition to the discussed
parameters, roof and floor conditions and the water condition at
working faces effect on the mechanization of a coal seam [2].

Roof condition is a critical characteristic of a coal stope controlling
the mechanizability of a coal seam. In general, roofs should be caved in
as the support system advances in a longwall mining. The quality of
rocks at the roof of a seam may be high enough so that the roof does not
fall as the face advances. But there is the possibility of sudden collapse
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of the roof, which would cause irreparable damages on the equipment.
In such cases, the roof must be destroyed manually to avoid a large
overhead caving. On the contrary, when a very weak roof is crumbling,
rather than holding, part of the coal seam must be left as a support [2].
Therefore, it can be concluded that the roof conditions of a seam have
to demonstrate a medium stability. Furthermore, the floor condition of
a stope plays an important role in longwall mining. The strength of the
floor should be high enough to resist intrusions. An intrusion of soft
floors is troublesome for advancing and can make the roof conditions
difficult to control due to the high convergence. In fact, the reaction of
floors to different types of support, installed along or behind longwall
faces, significantly affects the stability of a strata. In addition to the
discussed parameters, the water existing in coal mines can cause serious
problems including excruciating conditions and the support system
corrosion. Consequently, in such cases a suitable drainage system and
anticorrosion support system is needed. Another important factor that
influences the selection of a mechanized extraction process in coal
mines is the extension of seams, which certainly has its own economic
implications [2].

In this study, based on an integrated FDAHP-PROMETHEE method,
the most suitable stope in the Tazareh coal mine complex is selected for
executing the mechanization. In this regard, seam inclination, seam
extension, seam thickness, uniformity of seam, roof and floor condition
and also the water condition in the working face are selected as the
controlling parameters.

This paper is organized as follows. In section 2, an overview of
pervious works is presented. Section 3 provides a general overview of
fuzzy sets. Section 4 reviews the methodology of the Fuzzy Delphi
Analytical Hierarchy Process. In the next section, the principles of
PROMETHEE method are introduced. The implementation of the
proposed model for selecting the best coal seam in the Tazareh coal
mine complex is demonstrated in section 6. In section 7, a sensitivity
analysis is used to investigate the effects of uncertainty on the final seam
selection. And finally, section 8 provides the cocluding remarks.

2. Literature review

The capability of mechanization (or simply mechanizability
hereafter) of coal seams and the development of precise evaluating
models has been the ultimate goal for many still ongoing researches.
This section reviews the studies on the mechanization of coal mines.

Ateai et al. (2009) introduced a new rating system for determination
of the coal seam mechanizability indicator. They used fuzzy sets to
develop a fuzzy classification system [6]. Hattingh et al. (2010) studied
the technologies and strategies related to underground mining
mechanization, making a significant contribution to human parameters
[4]. Later, Hosseini et al. (2012) also used the fuzzy logic to provide a
classification system related to the mechanization of coal mines. Taking
into account different economic and technical parameters, they
evaluated the mechanizability of underground mines [1]. In their
subsequent study, Hosseini et al. (2013) developed a new classification
system to evaluate the mechanizability of coal mining operations [2].
Bilim and Kekec (2016) also investigated mechanized digging systems
in underground coal mines, but did not consider the mechanizability
[71. More recently, Ghadernejad et al. (2016) presented a ranking system
for underground mines’ mechanizability based on a multi criteria
decision-making method. The ranking system was developed using an
Analytical Hierarchy Process [5].

It must be noted that there has not been much research on the
mechanizability of coal mining and on the provision of a suitable
classification system that meets the actual and environmentally
compatible conditions. Therefore, the necessity of research in this
regard is undeniable. In this research, the mechanizability of coal mines
is investigated using an integrated decision-making method.

3. Fuzzy sets

The foundation of fuzzy sets and fuzzy logic was introduced by Zadeh
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(1965) to analyze complex systems [8]. The fuzzy sets in new
mathematics science are referred to as sets in which the membership of
some or all the members is completely unclear, and its elements are (or
not) partly belonging to that collection. A fuzzy set is the generalization
of a classical set that allows the inclusion of any value within the interval
[0,11 [9]. In fact, in a fuzzy set, unlike in a definite set, the elements are
not divided into two categories of members and non-members.
Nevertheless, based on the defined functions, the membership of
different elements in fuzzy sets is between 0 and 1 [10]. Suppose A is a
fuzzy subset of the reference set X The membership function A4 in the
reference set Xis defined as the Eq. 1:

na: X —[01] (1)
Where 1, shows the membership degree of each member of set 4 in

the continuous interval [0, 1]. In the above relationship, the value of 0

is used to display the total absence of membership, and the value of 1
represents the full membership, and all values between these two values
are used to indicate the average membership for each member of the A
set. Usually a fuzzy set with a set of ordered pairs is represented by Eq.
2:

A={(x.14(x),xE U} *
Where U contains a finite set of X s. Also, fuzzy finite set A can also

be represented by Eq. 3 [11]:

A=zx_i
i=1

If the Uset contains an infinite member, it is usually shown as follows:
X
A=|
X /uA (X ) ( 4)

Membership functions express all the information in a given fuzzy
set. The membership functions of fuzzy sets must be defined exactly in
relation to the type of the function and the type of its parameters. The
parameters and the form of membership functions will significantly
affect the validity of the results [12]. Among the bulk of existing
membership functions, triangular, trapezoidal, belt, and Gaussian
functions are known as the extensively utilized functions. In the current
study, due to the ease of use and the low volume of information needed
to define a triangular membership function, this function was selected
as the main membership function. Furthermore, this type of
membership is very suitable for works based on an interval system [13,
141.

4. Fuzzy Delphi Analytical Hierarchy Process (FDAHP)

41 Background of FDAHP method

The Delphi method creates a group communication process in a way
that the process involves independent components, while complex
issues can be solved [15]. Due to the multiple interactions between
experts, Delphi has a high richness than scrolling methods. Delphi
researchers primarily use this method for cases where judgment and
vote information are important, which is typically done using a series of
questionnaires with feedback controls [16]. The purpose of these
questionnaires and the aggregation of their feedback is to provide a
more limited dispersion of experts' opinions. Because of the high cost of
execution of the Delphi method as well as the low convergence of expert
opinions, this method will have executive disabilities [17]. To improve
the traditional Delphi method, the use of fuzzy logic becomes relevant.
Accordingly, the fuzzy Delphi method was developed by Kaufman and
Gupta in the 1980s [18]. In the Delphi method, the predictions and
opinions provided by expert individuals are in the form of definite
numbers, while in the long run, these predictions will lose their value.
On the other hand, experts and analysts who favor the Delphi approach
are predicted based on their mental assumptions and their perceived
abilities. Therefore, the uncertainty in this prediction will be possible
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and will lead to the presence of relevance Delphi fuzzy sets. The Fuzzy
Delphi Analytical Hierarchy Process (FDAHP) is also a combination of
analytical hierarchy processes with fuzzy Delphi.

Analytical Hierarchy Process (AHP) is an approach developed to deal
with complex systems and leads to multiple options and compares them
with one another [19]. This method, with the aid of a series of pair-wise
comparisons, simplifies complicated and faulted structures by arranging
indicators and decision options in a hierarchical structure. The analysis
of a conventional hierarchy will be problematic due to the use of
definitive amounts to reflect decision makers' comparison of alternatives
[20]. In addition, the AHP method is often criticized for using the
unbalanced scale in judgments and its inability to manage the
uncertainty and inherent inaccuracy in the paired comparison process
[21]. In order to overcome all these shortcomings, the FDAHP was
created to solve hierarchical issues. Decision makers usually find that
they achieve more certainty by providing a range of judgments rather
than their constant values. Therefore, a fuzzy Delphi analytical
hierarchy is a combination of an analytical hierarchy process with Fuzzy
Delphi. Although the fuzzy Delphi analytical hierarchy method is a
method developed for decision-making, it can also be in the form of
weighting.

The fuzzy Delphi technique is based on the experiences and opinions
of experts in a science. Therefore, the results obtained from this method
can be a suitable approach for evaluating the importance of the
parameters affecting a phenomenon and a concept. It is also efficient in
different categories and used in various engineering fields.

4.2. Applications of FDAHP method

Over the years, the use of multi-criteria decision-making methods has
come to a special place. Meanwhile, the FDAHP method and some of
other integrated decision-making methods have been widely used, due
to their greater compatibility with the actual conditions as well as the
desirability of the results. In the following, some of the most important
applications of this method in engineering are mentioned.

Mikaeil et al. (2011) used a combination of FDAHP and TOPSIS to
evaluate the energy consumption in the rock sawing process [22]. In
another research, Rafiee et al. (2011) utilized the FDAHP method to
select the optimum support system for the Beheshtabad water transfer
tunnel [23]. Aalianvari et al. (2012) using the FDAHP method, tried to
estimate the risks of groundwater flow in the Qomroud tunnel [24].
More recently, Kazemi et al. (2015) used FDAHP method to rank the
criteria for choosing the effective materials [25].

In another study, Mikaeil et al. (2015) tried to rank the sawability of
dimension stones using the combination of FDAHP and PROMETHEE
method [26]. Additionally, Bouzon et al. (2016) used FDAHP to identify
and analyze the reverse logistics barriers [27]. Also, Qiu et al. (2017)
used the FDAHP method to assess the risk of water pollution [28].
Furthermore, Haghshenas et al. (2017) used the combination of FDAHP
and TOPSIS methods to select the most suitable excavation machine for
the tunneling project of line 7 of Tehran subway [29].

Considering the aim of this paper as well as the effects of various
engineering parameters on the evaluation and presentation of the
appropriate ranking system, an integrated decision-making approach
was used based on FDAHP and PROMETHEE method. In the next step,
first, the FDAHP method is examined and then the proposed
combination method is discussed.

4.3, Process of FDAHP method

The process of performing and calculating the fuzzy Delphi hierarchy
analysis (FDAHP) is as follows [30]. After the preliminary stage, which
includes a survey of experts in the form of qualitative or quantitative
questionnaires, the fuzzy numbers calculation (Eq. 5) is based on the
results of the survey. In this case, the triangular fuzzy numbers are
defined as follows (Fig. 1):

&j = (@), 5. 735) )
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a,=Min(g,) k=12...n ()
S =(M_ By )" k=12..,n )
Zij :Max(ﬁijk) k=12..,n (8)

Where ¢, <5, <y, and g demonstrates the relative importance
of i on j from the viewpoint of expert k . Also, y; and «;
respectively show the upper and the lower bounds.

Hx)

1

@;j B Yij x
Fig 1. Triangular membership function in Delphi fuzzy method [30].

After the formation of the above fuzzy numbers, the matrix of the
paired fuzzy comparison is composed of the following components:

A=|:0~tij:|, &in&ji ~1, Vi,j =12,---,n 9)
Another representation of the matrix is as follows:

) @1y (212,012, 112) (213,013, 713)
A= U ey, 11 61,11 yp1) (Y (023,023.723) | (10)
U/ gy, 11 830,11 y31) (U] crgp, 1] 53,11 y30) L1

The relative fuzzy weight of the parameters is also calculated from the
following equations:

1
Z; =[éy @ ®dip |n an
Wi =7 o[Z; ©--0Z, |
12)
Where, ® and ® respectively denote addition and multiplication

of numbers in the fuzzy environment and

@ ®ap= o xap,01x50,1X¥2 . Wi is a row vector that shows the

fuzzy weight of ith parameter.

In the end, in order to defuzzicate the weight of the parameters, we
obtain the geometric mean relation under the weight of the parameters
in the form of a definite number:

) 3 13 B)
Wi :[szlwij ]

5. PROMETHEE method, theory and application

5.1 Review of method

PROMETHEE (Preference Ranking Organization Method for
Enrichment Evaluations) is a multi-criterion decision aid, which is used
as an outranking method to rank a limited set of alternatives among a
finite set of criteria. PROMETHEE method has been introduced by
Brans in 1982 and was further elaborated by Brans and Vincke in 1985
and by Brans and Mareschal in 1994 [31-33]. Implementation of
PROMETHEE method in a decision-making problem requires the
consideration of three factors. The first factor is an evaluation table in
which a set of alternatives are assessed according to the existing criteria.
The next one is the information regarding the degree of importance of
the pertaining criteria. In other words, this factor determines the relative
importance of each criterion with regards to one another. The final
requirement is the information about the decision—maker preference
functions. This factor is utilized to compare the alternatives separately
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in a given criterion [31]. Until now, different versions of PROMETHEE
have been developed for various purposes. In fact, PROMETHEE is a
family of outranking methods, which are used to manage different
problems. The most important versions of PROMETHEE are
summarized in Table 1.
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In addition to the mentioned versions of PROMETHEE in Table 1,
Brans and Mareschal in 1994 developed a visual interface modulus
GAIA (Geometrical Analysis for Interactive Aid) for graphical
representation as an aid in more complicated decision-making
problems.

Table 1. The most important versions of PROMETHEE and their application.

Researchers Methods Application

Brans [31] PROMETHEE I A solution for partial ranking of alternatives

Brans [31] PROMETHEE II A solution for complete ranking of alternatives

Brans and Mareschal [32] PROMETHEE III Ranking based intervals

Brans and Mareschal [32] PROMETHEE IV Partial and complete ranking for continuous situations
Brans and Mareschal [32] PROMETHEE V A solution for multiple selection under constraints
Brans and Mareschal [33] PROMETHEE VI for the human brain representation

Macharis et al. [34] PROMETHEE GDSS for group decision-making

Figueira et al. [35] PROMETHEE TRI A solution for dealing with sorting problems

Figueira et al. [35] PROMETHEE CLUSTER A solution for nominal classification

Over the last few years, PROMETHEE has been utilized in many
engineering fields, including mining engineering. In this part of the
research, the most recently published researches based on POMETHEE
and combination of PROMETHEE and other MCDM methods are
reviewed.

Wang et al. (2015) evaluated the transport system in a thin coal seam
using the PROMETHEE method [36]. In another study, Balusa and
Singam (2017) used the weighted product method (WPM) and
PROMETHEE technique to represent the solution to the problem of
selecting a suitable underground mining method for the mining
industry [37]. Also, Iphar and Alpay (2018) presented a mobile
application of integrated MCDM methods (such as: TOPSIS and
PROMETHEE) for underground mining method selection [38]. In
another research, Ebrahimabadi et al. (2018) compared the results of
two MCDM methods in selecting the plant species for the reclamation
[39]. More recently, Mikaeil et al. (2018) analyzed geotechnical risks
along the Emamzadeh-Hashem tunnel (Northern Iran) using FDAHP-
PROMETHEE [40]. The studies showed that application of the
PROMETHEE method in decision-making problems can have
acceptable results. In this study, PROMETHEE I and II are used to select
the best coal seam as an alternative for mechanization of coal mines.

5.2. Stepwise procedure of partial and complete ranking

This part of the research describes PROMETHEE I and II, which are
intended to provide the partial and complete rankings of a limited set of
alternatives from the best to the worst, respectively. PROMETHEE can
be constructed in five steps [31]. The first step is to determine deviations
based on pair-wise comparisons. Eq. 14 is used to determine the

difference between the evaluation of (a) and (b) on jth criterion.
d;(ab)=g;(a)-g;(b)

The second step is to use a relevant preference function for each

(14)

criterion. In fact, the preference of alternative (a) with regard to (b)
on each criterion is calculated using an appropriate preference function.
For each criterion, the preference function Pl (a,b) , converts the

quantity differences between two given alternatives (a,b) in a special

criterion into a preference degree that varies from 0 to 1. There are six
basic predefined preference functions introduced by Vincke and Brans,
including; (I) usual criterion, (II) quasi-criterion, (III) criterion with
linear preference, (IV) level criterion, (V) criterion with linear
preference and indifference area, and (VI) Gaussian criterion. Eq. 15 is
utilized to calculate the preference of jth criterion.

Pj (a.b)=Fj[d;j (a.b)] j=12...n s

The procedure is followed by calculating the global preference index
using Eq. 16:

(16)

k
n(a,b)zzj:lpj (ab)ew;
Where 7z(a,b) is defined as the weighted sum of P, (a,b) for each

criterion and W, is the weight associated with jth criterion. In the

fourth step, the positive and negative outranking flows for each
alternative are calculated using Eqs. 17 and 18, respectively. Then, the
net outranking flow is determined by Eq. 19 for each alternative:

@ (a)=—1- 3" rtax) an
X eA
o (a)= ﬁ z 7(x,a)
X eA (18)
v(a)-0" (@)-0 (2 )

In the final step, partial and complete rankings of alternatives are
performed using PROMETHEE I and II, respectively. The partial
ranking is performed based on the positive and negative flows. In
PROMETHEE I, comparing the out-ranking flows is carried out as
follows:

®T(@)>0Th) and d (Q)<d (b)
@b it {oT@>eTh) ad o (@)=0" ()
O (@)=0T(p) and D (Q)<d (b)
a'b it ot@=0Tp) ad oT@=0"0)
Rb it ot@>eTp) ad ot@)>0Tb) (20)
Where, p! R /! , and R are respectively preference, indifference,

and incomparable. Also, the complete ranking is performed based on net
flow as follows:

b it ®@@)> o)
®(@)=>(b)

Where, P" and |" are respectively preference, indifference.

allb if

6. Application of FDAHP-ROMETHEE in Optimal Coal
Seam Selection for Mine Mechanization

6.1 Factor influencing coal mine mechanizability

In order to benefit from the advantages of mine mechanizations,
either in an entire mine or at least on a stope of a mine, the most effective
factors must be considered. In general, the capability of coal mine
mechanizations depends on two distinct groups of parameters. The first
one is the geometrical parameters of coal seams, including seam
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thickness, inclination, uniformity, and extension. The second group is
related to the environmental conditions in a coal stope. Seam floor and
roof condition and the water condition at the working face are located
in the last affecting group.

6.2. Case study

The Tazareh coal mine complex is located in Shahrood 1:100,000
geological map. From a geological point of view, this area mainly
consists of sandstone, thin bedded coaly shale of the Shemshak
formation and both young and old alluvial deposits with marl and
quartzite gravels. The Alborz Sharghi Coal Company has been
extracting coal form this part of Iran for nearly three decades. With an
annual production of 600,000 tons of coal, the Alborz Sharghi Company
is one of the largest coal producers in Iran. The processed coal from the
coal washing plant of the Alborz Sharghi Coal Company is transported
to Isfahan and is used in the steel industry [41]. (Fig. 2)

North

Minudasht

Ramian

Olang Min Takht mines

Tazareh Coal Mojen

Mine Comples

Mehmanduye

harcoal Factory

Shabroud City 7 Bastam

‘ Larin Station

Fig 2. Tazareh Coal Mine Complex.

6.3. Sending the questionnaire to mining experts

After the literature review and recognizing the effective parameters,
some technical questionnaires were prepared and sent to several Iranian
coal mining experts. In these questionnaires, the experts were asked to
mark the importance of each parameter in a very simple way. In order
to use the data derived from the questionnaires in the FDAHP method,
for each importance level an intensity number from 1 to 9 has been
assigned based on Satays’ method [19]. In total, 11 completed
questionnaires were incorporated to determine the weights of each
criterion in the FDAHP process. An example questionnaire completed
by one of the experts is shown in Table 2. Experts’ opinion rates
(histograms) about each parameter are illustrated in Fig. 3. As seen in
this figure, the seam thickness and inclination have the highest
frequency of a rate 9. It shows that they are the most important
parameters for coal seam mechanizability from the experts’ view point.

Table 2. A sample of questionnaire was completed by Dy,

Degree of importance
Selected parameters VW w M S Vs
1) 3) G D O
C Seam Inclination
G, Seam thickness
Cs seam uniformity

Cy Roof quality
Cs Floor quality
Cq water condition

C; seam extension

VW: Very Weak importance, W: Weak importance, M: Moderate importance,
S: Strength importance, VS: Very Strength importance
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Fig 3. Rate of opinions of experts about each parameter.

6.4. Determining the weight of selected parameters

FDAHP is proposed to take the decision makers subjective judgments
into consideration and to reduce the uncertainty and vagueness in the
decision-making process. Decision makers from different backgrounds
may define different weight vectors. They usually lead to not only
imprecise evaluations but also serious persecution during the decision-
making process. Therefore, we proposed a group decision based on
FDAHP to improve a pair-wise comparison. Firstly, each decision maker
(Ds) will individually carry out a pair-wise comparison using Saatys’ 1—
9 scale [19]. An example of these pair-wise comparisons is shown as Eq.
22. “Ci.7” are the criteria describing the seam inclination, seam
thickness, uniformity, roof quality, floor quality, water condition, and
extension of seam, respectively.

¢ G C C C G G
100 1.00 1.80 1.80 1.29 1.80 1.29
100 1.00 1.80 1.80 1.29 180 1.29
056 1.00 1.00 1.00 0.71 1.00 0.71
056 0.56 1.00 1.00 0.71 1.00 0.71
078 0.78 140 140 1.00 1.40 1.00
056 056 1.00 1.00 0.71 1.00 0.71
078 0.78 140 140 1.00 1.40 1.00 (22)

.0

A

o

e

PO0O000
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The weighting factors for each criterion were presented in the
following steps:
1. Compute the triangular fuzzy numbers according Egs. 2 — 4.
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2. Create a fuzzy pair-wise comparison matrix A
Decision makers’ pair-wise comparison values are transformed into
triangular fuzzy numbers as in Table 3.

Table 3. Fuzzy pair-wise comparison matrix.

Cy C Cs

Cy Cs Cs Cr

C;  (1.00100100)  (0560081.80)  (1.29.1.603.00)
C, (056102180)  (1.00.1.001.00) (0.71.1.63.3.00)
C:  (0330063.078)  (033.061140)  (1.00.1.00..00)
Cs (043066140)  (0.430641.00)  (0.601.05.233)
Cs  (0330721.00)  (0.430701.00)  (0.7L1.151.67)
Cs  (033049..00)  (0330481.40)  (0.43,082,1.67)
C;  (071,0911.40)  (0.71.0.89.1.80)  (0.60.1.39.233)

(0.711.52.2.33)
(1.00,1.56.2.33)
(0.43.0.951 67)
(1.00,1.00.1.00)
(0.601.10.2.33)
(0.43.0.75.1.40)
(1.00,1.39.1.80)

(1.00,1.39,3.00)
(1.00,1.42.2.33)
(0.60.0.871.40)
(0.43,0.911.67)
(1.00.1.00.1.00)
(0.43.0.68.1.40)
(0.711.27.2.33)

(1.00.2.04,3.00)
(0.71.2.09.3.00)
(0.601.22.2.33)
(0.711.34.2.33)
(0.711.47.2.33)
(1.00.1.00.1.00)
(1.29.1.86.3.00)

(0.71.1.10.1.40)
(0.56.1.12.1.40)
(0.43,0.72.1.67)
(0.56.0.72.1.00)
(0.43.0.79.1.40)
(0.33.0.54.0.78)
(1.00.1.00.1.00)

3. Calculate the relative fuzzy weights of the evaluation factors:

71 =[81 ®4a, ®..47 Y7 =[0.865713,1.330431,2.062489]
7y = [y ®dn, ®..8y Y7 =[0.767917,1.361177,1.989755]
75 =[a3 ®dg, ®..457 ] =[0.495631,0.834085,1.387114]
74 =[d4 ®dg ®..457 17 =[0.566578,0.873732,1.437819]

/7

75 =[d51 ®a5, ®..457 ] =[0.566578,0.957704,1.437819]

7 =[g1 ®dgp ®.. 37 [/ =[0.434325,0.655919,1.198745]
77 =[a ®a7; ® .47 "7 =[0.834206,1.206209,1.849724]
Zz’i =[4.530948,7.219258,11.36347 |

Wy =7, ®(Z, @7, ®7Z3) " =[0.07618,0.18429,0.4552]

W, =7, ®(Z,®7Z,®7Z3)" =[0.06758,0.18855,0.43915]

W3 =730(Z,®7,®75) ! =[0.04362,0.11554,0.30614]

Wy =Z,®(Z,®7Z,®73)"=[0.04986,0.12103,0.31733]

W5 =75® (7, ®7Z, ®Z4) L =[0.04986,0.13266,0.31733]

W =Zg®(Z, ®7, ®Z4)"1 =[0.03822,0.09086,0.26457]

W, =7;®(Z,®Z,®Z3) " =[0.07341,0.16708,0.40824]

The final weights of each parameter are calculated and indicated in
Table 4.

Table 4. Priority weights for criteria.

Criteria Global weights
Seam Inclination 0.186
Seam Thickness 0.176
Uniformity 0.116
Roof Quality 0.124
Floor Quality 0128
Water Condition 0.097
Extension of Seam 0171

6.5. Application of PROMETHEE method to multi-criteria
comparison of mechanizability

The main purpose of this work was to select the best coal seam for
mechanization in the Tazareh coal mine complex based on some
effective factors (Fig. 4). In this work, after determining the weights of
the criteria by the FDAHP method, selecting the best coal seam for
mechanization among different alternatives was performed by the
PROMETHEE method (PROMETHEE I and II). In the current study,
among different preference functions, the V-Shape Function was used
due to its simplicity (Table 5).

Selecting the Best
Coal Seams for
Mechanization

Water Extension

Seam Seam Roof Floor
Inclination Quality

Fig. 4. Criteria and alternatives of the study.

Table 5. Specification of PROMETHEE method.

Criterion Seam Inclination = Seam Thickness Uniformity  Roof Quality  Floor Quality = Water Condition  Extension of seam
(degree) (cm) - (Kg/cm?) (MPa) (m?/min) (m)
Min/Max Min Max Max Max Max Min Max
Preference function V-shape V-shape V-shape V-shape V-shape V-shape V-shape
Preference 025 1208.74 1.00 2411 159.30 2.53 4137
Minimum 26.00 55.00 025 5.61 83.40 3.00 18.93
Maximum 32.50 1595.00 0.25 4117 258.70 6.00 75.00

Firstly, the amount of each alternative was filled in the decision
matrix for each criterion. The decision matrix was obtained with respect
to the important rock properties. The values for the decision matrix of
the criteria are given in Table 6. The positive, negative, and net
preference flows (calculated by Egs. 17 - 19), and the final ranking
(obtained on the net flow) are shown in Table 7. The graphical
preferences of different alternatives are illustrated in Fig. 5.

Table 6 and Fig. 3 illustrate the preferences of the alternatives. For
instance, K19 and K11 coal seams dominated over the other alternatives
in Fig. 4. It can be inferred from the results (Table 7 and Fig. 4) that
among the alternatives, according to the defined criteria, K19 and K11
coal seams have the highest potential for mechanization.

7. Sensitivity analysis

A sensitivity analysis is a useful method in the presence of uncertainty
in the definition of the relative importance of evaluation criteria [42].
This method plays an important role in a complex decision-making
process because of its inherent instability. The sensitivity analysis is
applied to reveal the effect of criteria weights on decision-making and
generates different scenarios that may change the priority of
alternatives. If the ranking order changes by varying the importance of
the criteria, the results are expressed to be sensitive; otherwise it is
robust. In this study, the sensitivity analysis is implemented to see how
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sensitively the alternatives change with the importance of the criteria.
This graphical tool exposes the importance of criteria weights in
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selecting the optimal alternative among the feasible alternatives.

Table 6. Decision matrix of selection the best coal seam for mechanization [6].

Seam Inclination Seam Thickness Uniformity Roof Quality = Floor Quality = Water Condition = Extension of seam
(degree) (cm) - (Kg/cm?) (MPa) (m?/min) (m)
K8 325 102.00 0.25 14.04 11250 5.00 64.29
K10 30 164.00 0.25 22.60 11250 6.00 75.00
K11 26 113.00 0.25 83.40 4,00 6250
K17 30 93.00 0.25 12.80 258.70 5.00 42.60
K19 30 1595.00 0.25 21.96 258.70 3.00 69.23
K20 29 55.00 0.25 112.50 3.00 18.93

Table 7. PROMETHEE I/II scores and final ranking.

Rank Alternatives (D) (D) (d7)
1 K19 0.2968 0.4712 01743
2 K11 0.2502 0.3863 0.1361
3 K10 -0.0380 0.2100 0.2480
4 K17 -0.0759 0.2072 0.2831
5 K20 -0.1444 0.2146 0.3590
6 K8 -0.2887 0.0783 03670

+1.0

Fig 5. Graphical representation of preference of coal seams.

The main goal of sensitivity analysis is to see which criterion is the
most significant one in influencing the decision-making process. For this
reason, 35 experiments were conducted as presented in Table 8. Fig. 6
shows how the priority of each alternative can be changed with
increasing or decreasing the importance of the criteria. Table 8 and Fig.
6 show that among 35 experiments, alternative K19 has the highest score
in 25 experiments. In 10 experiments, K11 is the winner. Therefore, it can
be concluded that the decision-making process is rarely sensitive to the
criteria weight with alternative K19 emerging as the winner (71.4%
votes).

8. Conclusion

In this paper, a decision support system was developed for ranking
the mechanizability of different coal seams. In fact, the main goal of this
study was to rank the mechanizability of diverse coal seams in the
Tazareh coal mine complex, and to choose the best candidate among a
pool of alternatives by using an integrated multi-criteria decision-
making method. According to the complicated structure of the decision
phase and the existing uncertainty, the application of fuzzy sets can be
useful. In other words, using linguistic preferences could be very
valuable for uncertain situations. Hence, a decision-making model was
developed based on FDAHP and PROMETHEE methods. In the utilized
decision-making model, FDAHP based on pair-wise comparison was
applied to obtain the weights for the evaluation criteria, while
PROMETHEE was used to prioritize the feasible alternatives. In this
research, the most momentous parameters affecting the feasibility of
using mechanized mining of coal seams have been presented in terms of
two distinct groups, including geometrical and environmental condition
parameters.

Table 8. Sensitivity analysis.
No.  Weights of criteria Ranking
K11>K19>K10>K17>K20> K8

—

Wy =125 %7

2w, =150, K11>K19>K10>K17>K20>K8
3 Wy =175xT, K11>K19>K10>K20>K17> K8
& Wy =200xW, K11>K19>K20>K10>K17> K38
5 Wy =250xT, K11>K19>K20>K10>K17>K8
6 W, =125xT7, K19>K11>K10> K17>K20> K3
7 W =150, K19>K11>K10> K17>K20> K38
8 W, =175, K19>K11> K10 > K17 > K20 > K38
9 K19>K11>K10> K17> K20 > K38
10 K19> K11>K10> K17 > K20 > K38
11 K19> K11> K10 > K17 > K20 > K8
12 K19> K11> K17 > K10 > K20 > K8

K19>K11> K10>K17> K20> K8
K19>K11>K10:>K17>K20 > K8
K19>K11>K10>K17>K20>K8

3 W =755

14 W, =2.00xW,,
15 W, =25047,
K19>K11>K10>K17>K20> K8
K11>K19>K10>K17>K20> K8

o W, =125xW,
17w, =1.50xW,,
18w, =175, K11>K19>K10>K17>K20>K8

'

19 Wy =2.00x1F,, K11>K19>K10> K17 > K20 > K8

0w, =250, K11>K19>K10> K17 > K20 > K8

21 Wos':l_zixﬁfos K19=KI1>K10> K17 >K20> K8

22 Wos’:I-SOXW-:s K19>KI11> K17 > K10 > K20 > K8

]

. =175,

23 7,

K19>K11>K17> K10 > K20 > K8

2, =200, K19>K11>K17> K10 > K20 > K§

'

3 —25047, K19>K11> K17 > K10> K20 > K3

26 H’C5‘=125><IF’M K11>K19>K10> K17 > K20 > K8
27 WCS’:I,SOXWCS K19>K11>K10> K17 > K20 > K8
K19>K11>K10>K20>K17>K8

K19>K11>K20>K17>K10> K8

28 Wm’ =175%,
29 H"C; =2.00xJ7,,
0w, =250, K19 >K11>K20> K17 > K10 > K8
K19>K11>K10> K17 > K20> K8
K19>K11>K10> K17 > K20 > K8

K19>KI11> K10 > K17 > K8 > K20
K19>KI11>K10> K17 > K8 > K20
K19>K11>K10> K17 > K8 > K20

3 WC.’ =1.25x77.
2w, =150,
B w2155,
% W '

o7

=2.00% 7,

35 W, =250 X,

Seam inclination, thickness, uniformity, and extension were selected
as the most important geometrical parameters of a coal seam. Roof and
floor conditions and water condition at the working face were selected
as the main environmental conditions of stopes. The weights derived
from FDAHP were involved in the problem of the coal seam selection
by using them in PROMETHEE calculations, and the ranking order was
assigned based on these weights. Finally, the alternative with the highest



22 S. Ghadernejad et al. / Int. J. Min. & Geo-Eng. (IIMGE), 53-1 (2019) 15-23 UMGE I

score was selected. Furthermore, a sensitivity analysis was conducted to
determine the influence of the criteria weights on the problem of the
coal seam selection. The results showed that among six different coal
seams, K19 was the best alternative and K8 was the worst one.
Additionally, the results obtained from the sensitivity analysis
demonstrated that K19 with 71.4% of votes had the highest potential for
mechanization.

Fig, 6. Results of sensitivity analysis.
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