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Abstract

The longwall mining method is one of the most applied methods in extracting low-inclined to high-inclined
coal seams. Selection of the most suitable extraction equipment is very important in the economical, safety,
and productivity aspects of mining operations. There are a lot of parameters affecting the selection of an
extraction equipment in mechanized longwall mining in steeply inclined coal seams. The important criteria
involved are the geometric properties of coal seam (dip, thickness, and uniformity of coal seam), geological
and hydraulic conditions (faults, fractures, joints, and underground water), and geomechanical properties of
coal seam and surrounding rocks. Extraction of inclined coal seams with gradients greater than 40 degree is
different from low-inclined seams, and requires a special equipment. Therefore, the influence of the above-
mentioned parameters must be considered simultaneously in the selection of extraction equipment for steeply
inclined seams. This paper presents an application of the Fuzzy Analytical Hierarchy Process (FAHP)
method in order to select a suitable extraction equipment in the Hamkar coal mine. In the proposed FAHP
model, fifteen main criteria are considered, as follow: dip of coal seam, thickness of coal seam, seam
uniformity, expansion of coal seam, faults, fractures and joints, underground waters, hangingwall strength,
footwall strength, coal strength, in-situ stress, equipment salvage, dilution, system flexibility, and operational
costs. Among the 6 considered longwall extraction equipment system alternatives, the findings show that the
most suitable extraction equipment system is shearer on footwall and a support system using hydraulic props
and the transport of coal with the force of gravity.

Keywords: Steeply Inclined Coal Seams, Fuzzy Analytical Hierarchy Process, Extraction Equipment.

1. Introduction

Longwall mining is a highly productive process in
coal extraction with a high recovery rate.
High-tech equipment, high efficiency,
mechanizability, and extraction of coal seams
with high inclination and depth have made this
process attractive for mining engineers [1]. In
general, coal seams with a low dip between 0 and
35 degrees are more suitable for mechanization.
More commonly, seams up to 35 degree of
inclination can be mechanized by power supports.
The best operational conditions are on level seams

[2]. When the coal seam gradient is more than 40
degrees, the extraction equipment is limited, and it
is difficult to determine the most suitable one.
Therefore, selection of a suitable equipment that
can extract and transport a considerable volume of
mineral is important. There are a lot of parameters
that influence the selection of an extraction
equipment in longwall mining for inclined coal
seams. These parameters are geometric properties
of coal seam, discontinuity properties, water
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condition, geomechanical properties of the coal
and country rock, dilution, salvage, etc [2-8].

Decision-making methods can help engineers to
find their optimum set of equipment for a
particular application in a scientific way. The
Fuzzy Analytical Hierarchy Process (FAHP) is a
suitable method for multi-criteria decision-making
problems, where the comparisons between
selection criteria are confusing. Using FAHP,
decision errors in evaluating decision criteria
could be decreased. This methodology is strongly
advised to underground mines as it is both fast
and cheap [9]. Numerous researchers have
attempted to use decision-making methods for this
mining activity. Bitarafan and Ataei have used the
multiple criteria decision-making tools for the
selection of an optimal mining method in anomaly
No. 3 of Gol-Gohar Iron mine, Iran [10].
Basicetin (2004) have used the AHP method to
select a loading-hauling system for coal
production in an open pit coal mine located in
Orhaneli in western Turkey [11]. Acaroglu et al.
have tried to identify the most appropriate
roadheader for Cayirhan coal basin using the
analytical hierarchy process (AHP), which is one
of the multiple criteria decision-making methods
[12]. Ataei et al. have used the AHP method with
13 criteria to develop a suitable mining method
for the Golbini No. 8 deposit in Jajarm, Iran.
According to the AHP method, the results
obtained show that a suitable mining method for
this deposit in the present situation is the
conventional cut and fill method [13]. Alpay and
Yavuz have developed a computerized program
(UMMS) based on AHP and the Yager’s method
to analyze the underground mining method
selection problems and produce the best
underground mining method swiftly for different
deposit shapes and ore bodies [14]. Naghadehi et
al. (2009) have used the AHP and FAHP methods
for selection of an optimum underground mining
method for Jajarm Bauxite mine, Iran. For this
purpose, they considered thirteen criteria and five
extraction mining methods such as the
conventional cut and fill, mechanized cut and fill,
shrinkage stoping, stull stoping, and bench
mining. FAHP was used in determining the
weights of the criteria by decision-makers, and
then rankings of the methods were determined by
AHP [15]. Ertugrul and Karakasoglu have utilized
both the FAHP and TOPSIS methods for
performance evaluation of Turkish cement plants
[16]. Sun have developed an evaluation model
based on the fuzzy analytic hierarchy process and
the technique for order performance by similarity
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to ideal solution and fuzzy TOPSIS to help the
industrial ~ practitioners to  evaluate  the
performance in a fuzzy environment [17]. Ozfirat
has grouped the underground mechanization
factors under four main items. These items are the
production, geology, rock mechanics, and work
safety factors. According to fuzzy evaluations
(FAHP method), underground mechanization is
analyzed whether it can be applied in the Amasra
coal mine, Turkey. Moreover, among the selection
criteria, geology and work safety have been found
to be the most important factors affecting the
selection of a production method [9]. Finally,
Rafiee et al. have considered six main criteria:
displacement, factor of safety (FOS), costs, time,
mechanization, and applicability factor for the
selection of a support system design. According to
the FAHP method, among the 6 considered
support system alternatives, the best support
system for a water transporting tunnel in Naien,
Iran was selected [18].

It is clear that in the previous studies, selection of
mining methods for underground mining has
already been done by the AHP or FAHP methods.
However, selection of a suitable extraction
equipment for mechanized longwall mining in
steeply inclined coal seam has not been carried
out yet.

The main purpose of this research work is to
determine a suitable extraction equipment for
longwall mining in steeply inclined seams (a case
study: Hamkar coal mine) using the FAHP
method. Therefore, according to the authors’
knowledge, it is a unique research work.

2. Longwall extraction equipment in steeply
inclined coal seams

The most common extraction equipment used for
longwall mining in steeply inclined coal seams is
cutting coal with a shearer on the floor, cutting
with a plow system, and support with power roof
or wooden supports. The thickness of coal seam is
an important parameter involved in selection of
the cutting machine and roof support equipment.
Therefore, a good survey of the seam would be
required before choosing the correct cutting
machine and roof support equipment.

The seam thickness that can be extracted variable
from 0.6 to 6 m. In seams thicker than 3 m or
thinner than 0.6 m, the possibility of
mechanization will be reduced [2]. In thicknesses
more than 2.3 m, the shearer is preferred. In coal
seams with a thickness between 1.8 and 2.3 m,
choosing between plow and shearer depends on
the geological conditions but for seams with a
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thickness less than 1.8 m, the plow surpasses the
shearer in productivity. When the thickness of the
seam increases, the imported load to roof supports
increases, and it is recommended to use power
roof [19].

2.1. Cutting coal with shearer over floor

Shearer over the floor with double cutting drums
suitable for working in steeply inclined coal
seams. The operation method with shearer in
inclined coal seams is shown in Figure 1.
Extracting coal is done always upwards, and in
the following strips, depth equals the length of the
machine drums that is about 0.9 m. Extracted coal
falls down by gravity into the charge pits placed
in the lower side of the gallery. Displacing the
shearer along the stope is done by one twin drum
winch, placed in the main gallery, with two cables
bolted to the machine, one for pulling and one for
safety that hauls the shearer against the coal seam.

Posteo de madera

The power cable and the water hose in the face
line move together with the shearer.

The mobile parts of the shearer (drums) destroy
the lower and upper parts of the coal seam, and
they can be used in two ways, single drum and
doube drum, according to the coal seam strength
and the type of machine. After extracting one row
of coal, the shearer goes down to the lower part of
the face and enters inside the hollow. The pulleys
frame, installed in the head gallery, displaces in
the way of advance of the stope according to the
depth of cut of the shearer.

The powered roof support is designed for
supporting the exposed area after coal extraction
with shearer. Gravity stowing or with caving of
the roof can be utilized in the waste area. Under
the above-mentioned conditions, the powered roof
support is adapted to work with AFC (Armored
Flexible Conveyor) for inclined seams or without
the conveyor (for steeply inclined seams).

Galeria inferior

Figure 1. Operation method with shearer in inclined coal seams [20].

2.2. Cutting with plow (plough)

In contrast to the shearer on the floor, in this
system, face cutting is carried out in two
directions. When this system is used in the
operation of coal seams with high slopes, coal
falls down by gravity and descents over the wall
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of the coal seam until one chain conveyor is
installed in the lower gallery to charge the mine
cars. The charge of the mine cars may be
authomatized by means of change and
authomatical advancer—puller in the same way
over the chain conveyor. also, one crusher can be
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also installed to reduce the grain sizes of the coal
and to reduce the abrasiveness of them over the
belt conveyors that transport the coal outside the
mine. The operation method with plough in
inclined coal seams is shown in Figure 2.

Propping can be done with props and keys
made of wood as well as using wire clothing
for supporting refilling or cave in and to avoid
that it is accumulated over the operation face.

Figure 2. Operation method with plough in inclined coal seams [20].

3. Fuzzy Analytic Hierarchy Process (FAHP)

AHP is a multi-criteria decision-making (MCDM)
method, helping a decision-maker to face a
complicated problem with conflicting and
subjective multiple criteria [21].Among different
contexts in which AHP can be applied, mention
can be made from creation of the priorities list,
choice of the best policy, optimal allocation of
resources, prevision of results and temporal
dependencies, and assessment of risks and
planning. Although AHP is used to capture the
experts knowledge, the traditional AHP still
cannot really reflect the human thinking style. The
traditional AHP method is problematic for using
an exact value to express a decision-maker’s
opinion in a comparison of alternatives [18, 22-
24]. Also the AHP method is often criticized due
to its use of unbalanced scale of judging, its
inability to handle the inherent uncertainty, and
imprecision in the adequate pairwise comparison
process. To overcome all the shortcomings, FAHP
was developed to solve the hierarchical problems.
Decision-makers usually realize that it is more
confident to give an interval judgment instead of a
fixed value judgment. This is because usually
he/she is unable to explicit his/her preference to
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explicit about the fuzzy nature of the comparison
process [25].

There are various methods proposed for FAHP in
the literature [26-28]. In this study, the extended
FAHP, which was introduced by Chang (1996),

was used, where X={X1,X2,X3,...,Xn} is the

object set and Gz{gl,gz,g3,...,gn } is a goal
set. According to the Chang’s extent analysis
method, each object is taken, and extent analysis
for each goal is performed, respectively.
Therefore, "m" extent analysis values for each
object can be obtained by the following equation:

M M2, M i=1,2,3,...n o)

gi' Vlgintt gi’
where Mg =(j-12,..,m) all are TFN;

(Triangular fuzzy numbers). The steps involved in
the Chang’s extent analysis (Chang, 1996) can be
given as follow:

Step 1. The value of the fuzzy synthetic extent

with respect to the i" object is defined as:

s-$mie/$3my|

=1 i=1 j=1

)
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To obtain ZL M

o » the fuzzy addition operation

of "m" extent analysis values for a particular
matrix is performed such as:

= j=1 j=1

3)

And to obtain [Zn: N

i1 j=1

éi(j=1,2,---,m) values is

-1
M;i} , the fuzzy addition

operation of M

performed as:

(4)

And then the inverse of the vector above is
computed as:

PRI R

1
) Zin:lui ’Zizlmi ’Zinzlli ©)

Step 2. As M, = (Il’ ,m;, ul) and
M, = (lz, ,m,, u2) are two triangular fuzzy
numbers, the degree of possibility of

M, =(1,,m,,u,)>M, =(I,,m,u,) is defined
as:

V(M, = M,)=sup|min(z,, (x), i1y, )] (5)

y>X

And can be explained as follows:

V(l\/lzZMl)=hgt(MlﬁM2)=,uMz(d) (7)
1 ifm, >m,
V(M, >2M,) = 0 ifl, >u, (8)
I, —u, .
otherwise

(m, —u,) = (m, -1,)

Figure 3 illustrates Eq. (8), where “d” is the
ordinate of the highest intersection point “D"

between 14, and z,. To compare M; and My,

1 we need both the V(M,>M,) and
V(M, > M, )values.
l‘l ¥ Ml
VM, > = M)
0 ™

L, x wu

Figure 3. Intersection between M1 and M2 [29].

Step 3. The degree possibility for a convex fuzzy
number must be greater than k. A convex fuzzy

M. = (i =12,.., k) number can be defined as:
V(M= M, M,...M,) =

V[(M=M,)and(M = M,).......and(M = M, )| 9)
=minV(M = M;) i=123..k
Assume that d(A)=minV(S, >S,) for

k=12,..,n;k=i. Then the weight vector is
given by:

W' =(d'(A),d'(A),...d"(A))
where A(i=12,...,n) are n elements.

Step 4. Via normalization, the normalized weight
vectors are:

W = (@A) ()

where W is a non-fuzzy number.

(10)

(11)
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4. Case study

Hamkar coal mine is located 50 km west of the
Ravar city and 185 km NW of the Kerman city.
The mine area is about 4 k m% and its coal
reservoir is approximately 34 million tons. The
mine has two series of seams: zone E seams that
have a 45 to 65 degrees incline and zone D seams
that have a 50 to 90 degrees incline. E zone has
minable seams like E1, E2, and E4; the E1 seam is
the main and most economic one. Thickness of
the E1 seam is 0.63 to 1.93 m, and its gradient is
45 to 60 degrees. Gradient and thickness of this
seam are the best for a mechanized and semi-
mechanized extraction. Currently, this seam is
planned to be extracted using the mechanized
longwall mining method. The most important
properties of the E1 coal seam are summarized in
Table 1.
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As mentioned earlier, the purpose of this paper is
the selection of a suitable extraction equipment
for steeply inclined seams in the Hamkar coal
mine using the FAHP method. The proposed
algorithm can be seen in Figure 4. In the first step,
which is problem structuring, the decision-maker
states the objectives, defines the selection criteria
and picks the alternative choices to be selected
from. In the second step, the fuzzy techniques are
employed and the local priorities of the selection
criteria and alternatives are determined. Finally, in
the third step, the global priorities of each
alternative are computed.

In this research work, we tried to consider all the
effective factors that influence selection of the
extraction equipment in the mechanized longwall
mining in steeply inclined coal seams. Therefore,
15 criteria including dip of coal seam (C1),
thickness of coal seam (C2), seam uniformity
(C3), expansion of coal seam (C4), faults (C5),
fractures and joints (C6), underground waters
(C7), roof strength (C8), floor strength (C9), coal
strength (C10), in-situ stress (C11), equipment
salvage (C12), dilution (C13), system flexibility
(C14), operational costs (C15) were considered.
To select a suitable extraction equipment using
the FAHP method, the first step is to build the
FAHP diagram shown in Figure 5, which includes
the purpose, criteria, and alternatives. Six
alternatives were considered for the extraction
equipment in the Hamkar coal mine, which were
represented in Table 2. The hierarchy design for
extraction equipment selection process was shown
in Figure 5.

Different kinds of fuzzy numbers can be utilized
for taking the experts’ opinions. In this research
work, triangle fuzzy numbers (TFN) were used. A
TFN is denoted simply as (I, m, u). The
parameters I, m, and u denote the smallest
possible value, the most promising value, and the
largest possible value, respectively, that describe a
fuzzy event.

The first step is to provide a questionnaire, which
includes the main criteria and alternative. This
questionnaire was sent to some experts who were
highly experienced in the incline coal mines.
According to the data for the Hamkar coal mine,
the experts evaluated the importance of the
criteria based on the Saaty’s scale [30].

In the next step, the FAHP method was used to
calculate the criteria weight and alternatives. By
this way, the ranking of the considered extraction
equipment was obtained based on its overall
efficiency for the Hamkar coal mine.

492

4.1. Determination of criteria weights
Decision-makers from different backgrounds may
define different weight vectors. They usually
cause not only an imprecise evaluation but also a
serious persecution during the decision process.
For this reason, we proposed a group decision
based on FAHP to improve a pair-wise
comparison.  Firstly, each  decision-maker
individually carried out a pair-wise comparison
using the Saaty scale [30]. One of these pair-wise
comparisons is shown in Table 3.

Then a comprehensive pair-wise comparison
matrix was built by integrating nine decision-
makers numbers through Eq. (11) [31]. By this
way, the decision makers' pair-wise comparison
values were transformed into triangular fuzzy
numbers (Table 4).

After forming the fuzzy pair-wise comparison
matrix, the weights of criteria and sub-criteria
were determined using FAHP. According to the
FAHP method, the synthesis values must firstly be
calculated. From Table 4, a synthesis value related
to the main goal was calculated using Equation 3.
Sc1= (17.38, 24.85, 34.34)® (1/379.1, 1/260.6,
1/173.3) = (0.046, 0.095, 0.198)

Sco= (17.11, 24.12, 34.68) ® (1/379.1,
1/173.3) = (0.045, 0.093, 0.200)

Sc3= (13.09, 19.09, 27.46) ® (1/379.1,
1/173.3) = (0.035, 0.073, 0.158)

Sca= (10.27, 16.55, 22.79)® (1/379.1,
1/173.3) = (0.027, 0.064, 0.131)

Scs= (12.26, 17.37, 25.73) ® (1/379.1,
1/173.3) = (0.032, 0.067, 0.148)

Sce= (11.81, 16.64, 24.13)® (1/379.1,
1/173.3) = (0.031, 0.064, 0.139)

Sc7= (10.28, 15.07, 22.24)® (1/379.1,
1/173.3) = (0.027, 0.058, 0.128)

Sce= (12.88, 20.38, 30.23)® (1/379.1,
1/173.3) = (0.034, 0.078, 0.174)

Sco= (13.83, 19.40, 26.78)® (1/379.1,
1/173.3) = (0.036, 0.074, 0.155)

Sc10= (10.45, 16.08, 23.67) ® (1/379.1,
1/173.3) = (0.028, 0.062, 0.137)

Sc11= (9.722, 14.84, 23.74) ® (1/379.1,
1/173.3) = (0.026, 0.057, 0.137)

Sc12= (11.84, 17.67, 25.55)® (1/379.1,
1/173.3) = (0.031, 0.063, 0.147)

Sc13= (3.176, 6.836, 12.19) ® (1/379.1,
1/173.3) = (0.008, 0.026, 0.070)

Sc14= (7.904, 14.44, 21.37)® (1/379.1,
1/173.3) = (0.021, 0.055, 0.123)

Scis= (11.35, 17.31, 24.21) ® (1/379.1,
1/173.3) = (0.030, 0.066, 0.140)

1/260.6,
1/260.6,
1/260.6,
1/260.6,
1/260.6,
1/260.6,
1/260.6,
1/260.6,
1/260.6,
1/260.6,
1/260.6,
1/260.6,
1/260.6,

1/260.6,
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These fuzzy values were compared using
Equation 8, and these values were shown in Table
5.

For example, V(Sc3 = Scq, ¢, ..., Cp)

_ (Uz—Lq) _
VS:28) = (U3-Ly)+(mg—m3) 0.84
(Uz-Lp)
> = =
V(S:=Sy) (U3-Lp)+(my—m3) 0.85
V(S3=8s) = (m3 =2my) =1
V(S3 > S5) = (mg = m5) =1
V(S3 > Se) = (mg = m6) =1
V(S3 > S7): (mz = m7) =1
(Uz-Lg)
> = =
V(85250 = G o) rimgmy — 026
V(S3 > So)= Us~Ls) =0.99

(U3—Lg)+(mg—my3)

V(S328S10) = (m3 =2 myp) =1
V(S;=8Su)=(m3 2my;) =1
V(S:28p) =(m3 2myp) =1
V(S3=Si3)= (m3 2 my3) =1
V(S3=Su) = (m3 =myy) =1

V(S3>Si5)= (m3 = my5) =1

The priority weights were calculated using
Equation 9.

d'(€y) =min(1,1,1,1,1,1,1,1,1,1,1,1,1,1)=1
d'(C;) =min(0.98,1,1,1,1,1,1,1,1,1,1,1,1,1)=0.98
a'(C3) =
min(0.84,0.85,1,1,1,1,0.69,0.99,1,1,1,1,1,1)=0.84
d'(C,) =min(0.73,0.74,0.90,0.96,0.99,1,0.86,0.89
,1,1,0.95,1,1,0.97) = 0.73

d'(Cs) =min(0.78,0.79,0.94,1,1,1,0.90,0.93,1,1,0.
99,1,1,1,)0.78

d'(Ce) =
min(0.75,0.76,0.91,1,0.97,1,10.88,0.90,1,1,0.96,1,
1)=0.75

d'(C;) =min(0.69,0.70,0.85,0.94,0.91,0.94,0.82,0
.84,0.96,1,0.90,1,1,0.91) = 0.69

d'(Cg) = min(0.88,0.90,1,1,1,1,1,1,1,1,1,1,1,1) =
0.88
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d'(Cy) = min(0.84,0.85,1,1,1,1,1,0.96,1,1,1,1,1,1)
=0.84

d'(Cyo) =
min(0.73,0.74,0.89,0.98,0.95,0.97,1,0.86,0.88,1,0.
94,1,1,0.95) =0.73

d'(Cy1) =min(0.70,0.72,0.86,0.94,0.91,0.93,0.99,
0.82,0.85,0.95,0.90,1,1, 0.91) = 0.70

d'(Cyp) =
min(0.79,0.80,0.95,1,1,1,1,0.91,0.94,1,1,1,1,1) =
0.79

d'(C;3) =min(0.26,0.27,0.43,0.53,0.48,0.51,0.57,
0.41,0.41,0.54,0.59,0.48,0.62,0.50) = 0.26
d'(C,4) =min(0.66,0.67,0.83,0.92,0.89,0.91,0.97,
0.79,0.82,0.93,0.98,0.88,1,0.89) = 0.66

d'(Cy5) =
min(0.76,0.78,0.93,1,0.99,1,1,0.89,0.92,1,1,0.98,1
,1) =0.76

Priority weight form w! =
(1,0.98,0.84,0.73,0.78,0.75,0.69,0.88,0.84,0.73,0.
70,0.79,0.26,0.66,0.76) vector.

This value had to be normalized using Equation
12.

_ W)
> W)

After normalization of these value priorities,
weights related to the main goal were calculated
as (0.088, 0.086, 0.073, 0.064, 0.069, 0.066,
0.060, 0.077, 0.074, 0.064, 0.062, 0.069, 0.023,
0.058, 0.067). The mentioned priority weights and
ranking were indicated for each criterion in Table
6.

According to Table 6, it can be seen that among
the selection criteria, the dip of coal seam (C1)
and thickness of coal seam (C2) were found to be
the most important factors affecting the extraction
equipment selection in the Hamkar coal mine.
Other criteria were found to be the main roof
strength (C8) and floor strength (C9),
respectively.

(12)

4.2. Ranking of alternatives (selection of
extraction equipment)

Similarly, the alternative pair-wise comparison
matrix into criteria was constituted, and the final
weight of alternative into criteria was obtained
(Table 7).
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Table 1. E1 coal seam properties of Hamkar coal mine [20].

Parameter Description
Dip of coal seam 45 —60°
Average dip of coal seam 55°
Thickness of coal seam 0.7-1.9m
Average thickness of coal seam 1.3m
Structure of footwall Shale-Siltstone
Structure of hanging wall Shale-Siltstone-Sandstone
Seam uniformity condition Semi-uniform
Coal 12 MPa

Sandstone (Roof) 40 MPa
Siltstone (Roof) 32 MPa
Uniaxial Compressive Strength  Mudstone (Roof) 18 MPa
Sandstone (Floor) 48 MPa
Siltstone (Floor) 38 MPa
Mudstone (Floor) 22 MPa

Objective :The optimum extraction equipment selection in longwall mining for E 1
coal seam ,Hamkar coal mine ,lran

A 4

Define selection criteria

A 4

Define extraction equipment alternatives for Hamkar Coal Mine

'

Build fuzzy comparison matrices A

A

A 4

Compute weights of criteria and sub-criteria

Inconsisteni

Consistent

v

Compute priorities of alternative methods

Inconsistent

Consistency |

Consistent

Compute alternative weight

Figure 4. A flow sheet for proposed algorithm.
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Table 2. Extraction equipment alternatives for Hamkar coal mine.

Alternative | Cutting machine  Support system Transport system
A Shearer on floor  Power support roof Based on the gravity power
B Shearer on floor Hydraulic props ~ Based on the gravity power
C Shearer on floor Wooden support  Based on the gravity power
D Plow Power support roof AFC
E Plow Hydraulic props AFC
F Plow Wooden support AFC

Obijective: Optimum extraction equipment selection in longwall

mining for E1 coal seam, Hamkar coal mine, Iran

Figure 5. Hierarchy design for extraction equipment selection process.

Table 3. Pair-wise comparison matrix.

ct Cc2 €3 C4 C5 C6 C7 C€C8 C9 Ci10 Cl1 Ci12 C13 Cl4 Ci15

C1 10 10 13 16 11 11 13 10 10 11 1.6 11 1.6 1.6 13
Cc2 10 10 13 16 11 11 13 10 10 11 1.6 11 1.6 1.6 13
C3 08 08 10 12 09 09 10 08 08 09 1.2 0.9 1.2 1.2 1.0
C4 06 06 08 10 07 07 08 06 06 07 1.0 0.7 1.0 1.0 0.8
C5 09 09 12 14 10 10 12 09 09 1.0 1.4 1.0 1.4 1.4 1.2
C6 09 09 12 14 10 10 12 09 09 1.0 1.4 1.0 1.4 1.4 1.2
c7 08 08 10 12 09 09 10 08 08 09 1.2 0.9 1.2 1.2 1.0
C8 10 10 13 16 11 11 13 10 10 11 1.6 1.1 1.6 1.6 1.3
C9 10 10 13 16 11 11 13 10 10 11 1.6 11 1.6 1.6 13
cio | 09 09 12 14 10 10 12 09 09 1.0 1.4 1.0 14 14 1.2
ci1 | 06 06 08 10 07 07 08 06 06 0.7 1.0 0.7 1.0 1.0 0.8
ci12 | 09 09 12 14 10 10 12 09 09 1.0 14 1.0 1.4 14 1.2
c13 |06 06 08 10 07 07 08 06 06 0.7 1.0 0.7 1.0 1.0 0.8
ci4 | 06 06 08 10 07 07 08 06 06 0.7 1.0 0.7 1.0 1.0 0.8
Ci5 |08 08 10 12 09 09 10 08 08 09 1.2 0.9 1.2 1.2 1.0

Table 4. Fuzzy pair-wise comparison matrix.

CiT C2 C3 C4 C5 C6 C7 C€C8 C9 Cl0 C11 Cl12 C13 Cl4 Ci15

L1 10 09 07 05 06 06 04 06 07 04 04 06 01 04 06

C1 M1 |10 10 08 07 07 07 06 08 08 07 06 0.7 03 06 0.7
ur |10 11 09 08 09 09 09 10 10 09 09 0.9 06 07 0.9

L2 |09 10 07 04 06 06 04 06 07 05 04 06 01 03 0.6

Cc2 M2 |10 10 08 07 07 07 06 08 08 07 06 0.7 03 06 0.7
u2 |11 10 10 09 09 09 08 10 10 09 038 0.9 06 08 1.0

L3 11 10 10 07 06 06 06 07 09 06 05 07 01 05 07

C3 M3 |13 13 10 09 09 09 08 11 10 09 038 0.9 04 038 0.9
us3 |15 15710 12 12 12 10 13 13 12 1.2 1.2 08 09 1.3
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Table 4. Continued.

L4 {13 11 09 10 08 08 07 09 10 07 07 0.8 02 07 0.8
C4 M4 |15 15 12 10 11 11 10 13 12 10 09 1.1 05 09 1.1
u4 (20 23 15 10 15 15 14 20 20 18 1.8 1.5 1.0 1.0 1.3
L5 11 11 09 07 10 07 07 08 09 06 07 0.7 01 05 07
C5 M5 |14 14 11 10 10 10 09 12 11 10 09 1.0 04 08 1.0
us |18 16 16 12 10 12 12 16 14 12 1.2 1.2 0.7 1.0 1.4
L6 11 11 09 07 08 10 08 07 09 07 07 0.7 02 05 07
C6 M6 | 15 15 12 10 11 10 09 12 12 10 09 1.1 04 09 1.1
ue |18 18 16 12 14 10 12 16 14 12 1.2 14 07 1.2 1.4
L7 11 13 10 07 08 0810 07 09 08 07 0.7 02 06 0.7
c7 M7 |17 16 13 11 12 11 10 14 13 11 1.0 1.2 0.5 1.0 1.2
ur (23 23 18 15 15 13 10 18 16 14 1.4 1.8 0.8 1.5 1.6
L8 10 10 08 05 06 06 06 10 08 05 06 0.6 01 04 06
Cs8 Mg |13 12 10 08 09 09 08 10 10 08 07 0.9 04 07 0.9
usg 16 18 14 12 12 14 14 10 1.2 14 1.0 1.2 0.6 1.0 1.2
L9 10 10 08 05 07 07 06 08 10 07 06 0.8 02 04 06
C9 M9 |13 12 10 09 09 09 08 10 10 08 08 0.9 04 07 0.9
ug |15 15 12 10 12 12 12 13 10 12 1.0 1.2 0.6 1.0 1.0
L0 {11 11 09 06 08 08 07 07 09 10 07 0.7 02 04 07
Cl0 M10 |16 15 12 11 11 11 10 13 12 10 09 1.1 04 09 1.1
Uio (23 20 18 15 18 15 13 20 15 10 15 15 07 15 15
L11 {11 13 09 06 08 09 07 10 10 07 1.0 0.9 02 04 07
Cii Mi1i1 |17 17 13 11 12 12 11 14 13 11 1.0 1.2 05 1.0 1.2
uil | 23 23 20 15 15 14 15 18 1.8 15 1.0 1.8 1.0 15 1.8
L12 (11 11 09 07 08 07 06 09 09 07 06 1.0 01 05 08
Cl2 M12 |14 14 11 09 10 10 09 12 11 09 09 1.0 04 08 1.0
ui2 |18 18 14 12 14 14 14 16 13 14 1.2 1.0 0.7 1.2 1.2
L13 16 16 12 10 14 14 12 16 16 14 1.0 14 1.0 0.8 1.2
Cl3 Mi13 | 49 46 37 33 33 31 28 40 36 28 2.8 3.4 1.0 2.9 3.3
U3 |90 90 70 60 70 60 50 80 60 50 6.0 7.0 1.0 6.0 6.0
L14 |15 13 12 10 10 08 07 10 10 07 07 0.8 0.2 1.0 038
Cl4 M14 |18 18 14 12 13 12 11 15 15 12 1.1 1.3 0.6 1.0 1.3
Ui4 | 27 30 20 15 20 20 17 27 27 23 2.3 2.0 1.3 1.0 1.8
L5 (11 10 08 08 07 07 06 09 10 07 06 0.9 02 06 1.0
Ci5 Mi5|14 14 11 10 10 10 09 12 11 1.0 0.9 1.0 0.4 0.8 1.0
uiws |18 18 14 12 14 14 14 16 16 14 14 1.2 0.8 1.2 1.0
Table 5. Large rating of each criterion than other criteria.
V(Sx>=S,)
y X Cl C2 €3 C4 C5 C6 C7T C8 (C9 Ci0 Cl1 C12 C13 C14 CcC15
C1 098 0.84 073 078 075 069 088 084 073 070 0.79 0.26 0.66 0.76
C2 1.00 085 075 0.78 076 0.70 090 0.85 0.74 072 080 0.27 067 0.78
C3 1.00 1.00 091 094 091 085 100 1.00 089 086 0.95 043 0.83 0.93
C4 1.00 1.00 1.00 1.00 1.00 094 100 1.00 098 094 1.00 053 0.92 1.00
C5 1.00 1.00 1.00 0.97 097 091 100 1.00 095 091 1.00 0.48 0.89 0.99
C6 1.00 1.00 1.00 0.99 1.00 094 1.00 100 098 093 1.00 051 091 1.00
Cc7 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 0.99 100 057 0.97 1.00
C8 1.00 100 096 0.87 091 1.00 0.82 096 086 082 091 041 0.79 0.9
C9 1.00 100 099 0.89 093 0.88 084 1.00 088 0.85 094 041 082 0.92
C10 1.00 100 100 1.00 1.00 0.90 096 1.00 1.00 095 0.95 054 0.93 1.00
Cl1 1.00 100 100 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 059 0.98 1.00
C12 1.00 100 100 0.95 099 1.00 090 1.00 1.00 0.94 0.90 0.48 0.88 0.98
C13 1.00 100 1.00 1.00 100 0.96 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Cl4 1.00 100 1.00 1.00 100 1.00 1.00 1.00 100 1.00 1.00 1.00 0.62 1.00
15 1.00 100 100 0.97 100 1.00 092 1.00 100 0.95 0.92 100 0.50 0.89
d(C)=min | 1.00 098 084 073 078 075 069 0.88 0.84 073 070 079 026 0.66 0.76
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Table 6. Priority weights for criterion.

Criteria  Local weight Global weight Ranking
C1 1.000 0.088 1
C2 0.982 0.086 2
C3 0.836 0.073 5
C4 0.729 0.064 11
C5 0.781 0.069 7
C6 0.748 0.066 9
c7 0.687 0.060 13
C8 0.882 0.077 3
C9 0.839 0.074 4

C10 0.729 0.064 10
C11 0.703 0.062 12
C12 0.787 0.069 6
C13 0.262 0.023 15
C14 0.660 0.058 14
C15 0.764 0.067 8

Table 7. Weights between all criteria and alternatives.

Criteria
C1 C2 C3 C4 C5 C6 C7 C8 C9 Ci0 Ci11 Ci12 Ci13 cCi14 cCi15
(%]
[<5)
> — — — — — — — — — — — — — — — — — — — — — — — — — — — +— — +—
" — = = = = = = = = = = = = = = =
E 5252525252525 252525252525252572
(5] () [«5) (5 (5] (5 (5] (5] (5] (5] (5} (5] (5} (5] (5]
S
582352823822:282228238238238233:82382¢83
T = T = T = T = T = T = T = T = T = T = T = T = T = T = s = ©
<8g828289898982828289S-DSDS-DS-DS-D
© 2 02 02 oL oL 02 oL oL oL oL oL oL oL oL o=e
4o 400 -+1o0o-Lo-Lo-LoLoLJo Lo Lo Lo Lo Lo Lo 4o
o — © 7o) N o Ie) o ™ o~ o~ < o < 0
o o o o r~ ™ o o o o o © Iro) — ©
N N =) - o I3 S o i — N < © © <
ACANCN LR Ca Taw 9] CACLCaClL a9 g g gueqg
o 70 7T o 7o @00 7o TdTo o TdTo T oCPoCoCo e o
< r~ < © © o~ o) © N ™ © | ™ — ©
r~ o o © o 2] - < o o r~ Ir) o o o
- o o o — | © o o A — o ~ ™ —
B @2 ® 3920 @20 °CANQ2ANN2g@29 @2 9°C N2 N22FCAHlel NCe
© 0o © cPCocCo FToo P ooCocCocC o TdoCoCo oo o
0] ] N N ~ r~ N o Te) ] ™ © © ~ )
© ~ < Te) ~ o o N~ o < Lo o o ~ o
e o Y] © — o~ © < N~ o N e e} ~ 0
CR® g g ah 39 @9 a9 ae 308 g9 890 999 a@2ahhgxg
© 0@ P C o Co VTP ooCoCocCocCo T o P o C o e o
o~ I5e) N - o Ie) Ioe) © ™ o o —_ I < o
~ N a8 0o Y 0o do0o 83w 8w T8 ololRlolodolauaX~S8
D@2 a2 a3 390 3992 3@ a992Aa9© g9 g% ocmo
© 0 © 0@ o0 @ o0 @ 0@ o0 o0 o Jdo°PCocCocC o TdoC o e o
I5e) o ‘—| ) ) o N © o N < © N © o)
~ ™ © ) < o Lo T} © © Lo I < ) ©
S ™ < ) 0 e ™ 1] — o < ™ © © ©
E ¥ a3 @ aQ g™~ axXagh g8 9@ g g¥ 3@ a9 439992 afhagxqg
© 0 © 0P C o C o C o C o CoCocCSCoCoC oo C o e o
N~ o ITo) o © o o) ) o N o o ™ © ©
© I © I — o - o N © < © o - r~
FNEB8NE8ITZNE8oFrgwI3IwuidsBdIITaoss 395 x J 3y
© 0@ 0P C o C o °C o C o CoCocCsCoCo TF o C o e o
The overall rating of each alternative was (0.185%0.060)+(0.196x0.077)+(0.192x0.074)+(0.

calculated by summing the product of the relative
priority of each criterion with the relative priority
of alternatives considering the corresponding
criteria in Table 7.

W, =(0.220x0.088)+(0.221x0.086)+(0.206%0.07
3)+(0.215%0.064)+(0.102x0.069)+(0.120x0.066)+
(0.203x0.060)+(0.209%0.077)+(0.213x0.074)+(0.
212x0.064)+(0.222x0.062)+(0.144x0.069)+(0.16
5x0.023)+(0.164x0.058)+(0.148%0.067)= 0.187
Wp =(0.214%0.088)+(0.197%0.086)+(0.204x0.07
3)+(0.206%0.064)+(0.218x0.069)+(0.212x0.066)+
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213x0.064)+(0.216x0.062)+(0.201x0.069)+(0.17
3x0.023)+(0.231x0.058)+(0.216x0.067)= 0.206

W =(0.193x0.088)+(0.191x0.086)+(0.152x0.07
3)+(0.162x0.064)+(0.212x0.069)+(0.227x0.066)+
(0.182x0.060)+(0.140%0.077)+(0.175x0.074)+(0.
201x0.064)+(0.123x0.062)+(0.218x0.069)+(0.15
6x0.023)+(0.177x0.058)+(0.183%0.067)= 0.181

W), =(0.212x0.088)+(0.203x0.086)+(0.202x0.07
3)+(0.211x0.064)+(0.109x0.069)+(0.103x0.066)+
(0.193x0.060)+(0.196x0.077)+(0.213x0.074)+(0.
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170%0.064)+(0.220%0.062)+(0.131x0.069)+(0.17
3%0.023)+(0.074x0.058)+(0.080x0.067)= 0.168
W =(0.103x0.088)+(0.139%0.086)+(0.141x0.07
3)+(0.156%0.064)+(0.183x0.069)+(0.159x0.066)+
(0.132x0.060)+(0.136x0.077)+(0.119%0.074)+(0.
102x0.064)+(0.144%0.062)+(0.136%0.069)+(0.16
2x0.023)+(0.168%0.058)+(0.185x0.067)= 0.142
W =(0.0.57x0.088)+(0.050x0.086)+(0.095%0.07
3)+(0.050x0.064)+(0.176x0.069)+(0.179x0.066)+
(0.193x0.060)+(0.123x0.077)+(0.089x0.074)+(0.
102x0.064)+(0.075%0.062)+(0.170%0.069)+(0.17
3%0.023)+(0.186x%0.058)+(0.188x0.067)= 0.116
According to the above-mentioned calculations,
the alternative weights and their rankings were
shown in Table 8.

Table 8. Alternative weights.

Alternatives Alternatives weight Ranking
A 0.187 2
B 0.206 1
C 0.181 3
D 0.168 4
E 0.142 5
F 0.116 6
Considering the overall results in Table 8,

alternative “B” must be selected as the most
suitable extraction equipment system to meet the
Hamkar coal mine requirements since the priority
value for this alternative (0.461) is the highest
compared to the others. The second high score
belongs to alternative “C”.

Comparing e alternatives B and C, it is obvious
that the only difference between them is the
support system type. It seems that according to the
Hamkar coal mine conditions, shearer on floor can
be used by both the wooden and hydraulic prop
support systems.

5. Conclusions

Selection of a suitable extraction equipment for a
mechanized longwall mining in steeply inclined
coal seams involves considering several criteria
such as the geometric properties of coal seam,
hydraulic and geological conditions,
geomechanical properties of coal and country
rocks, dilution, equipment salvage, and operation
costs. Such a decision process can be evaluated in
a more scientific way using the FAHP method.
Therefore, application of the FAHP method was
introduced in this paper for selecting an extraction
equipment for the Hamkar Coal mine. In the
proposed FAHP model, fifteen criteria and 6
longwall extraction equipment systems were
considered for an inclined coal seam.
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Among the 6 extraction equipment system
alternatives considered, alternative "B" (coal cut
using shearer on the floor, support using hydraulic
props, and conveying coal by gravity force) was
the most suitable extraction equipment system
when the alternatives were evaluated according to
the considered criteria. Moreover, the results
obtained for the FAHP analysis in ranking the
effective criteria (Table 6) shows that dip of coal
seam (C1) and seam thickness (C2) have the most
influence on the selection of an extraction
equipment in mechanized coal mines. Dip of the
Hamkar coal seam is 45 to 60 degrees. This
amount affects a fully-mechanized system
adversely. As it is not possible to keep shearer-
loaders and shield type roof support stable under
these conditions, it is essential for more attention
to be paid to the ability of the extraction
equipment in these parameters during the design
process. In the future studies, the proposed
method can be applied for selection of the
methods in other sectors.
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