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Geological studies are very important at different steps of mining activities. Different uncertain geological criteria and factors
show a significant impact during the underground mining operations and mineral extraction process. *e current study reports
on the evaluation and classification of coal seams for methane drainage-ability (MDA) through a fuzzy hybrid approach. *is
problem was investigated due to the importance of uncertain geological factors in the process of MDA and the necessity to
evaluate safety operations in underground coal mines.*e important criteria involved are depth, thickness, and uniformity of coal
seam, joints and cleats conditions, roof quality, coal seam gas content, underground water condition, and permeability of coal
seam. *e two-stage fuzzy classification approach was used to analyze the effectiveness of the uncertain geological criteria. Also,
fuzzy cognitive map (FCM) method was used to calculate weights for geological criteria. *e used FCM method is based on the
Hebbian algorithm and metaheuristic methods. *e Hebbian learning algorithm is made from a hybrid learning algorithm of
nonlinear heuristics and differential evolution. In addition, fuzzy intervals of criteria were calculated based on technical reports
and other scientific studies. *en, the rank of each coal seam calculates by fuzzy T-norms. *e proposed system was employed to
classify the coal seams for MDA in Parvadeh coalfield, Iran. *e results showed that the C1, C2, B2, B1, and D coal seams were
classified in the “very good,” “good,” “moderate,” “poor,” and “very poor” categories, respectively. *e proposed fuzzy hybrid
approach provides a new logical tool in the selection of coal seam for methane drainage operation and can reduce the risk of
methane drainage projects in underground coal mines.

1. Introduction

All coal seams contain methane gas (CH4) ranging from
0.031 to more than 18.7 m3/ton, about 10% of which is
compressed into cleats system, about 5% is dissolved in the
coal-containing water, and the rest is absorbed chemically in
the structure of the coal cleats matrix [1, 2]. In underground
coal mining methods, controlling, monitoring, and extrac-
tion of coal seam/mine methane is a priority as a source of
gas and reducing CO2 gas production. *is operation in-
creases safety during mine extraction, emits fine dust, and
reduces mine ventilation process costs, initial investment,
downtime, air pollution, and greenhouse gas emissions [3,4].
Nowadays, the importance of applied geological sciences at

various phases of mining operations cannot be ignored. *e
location, number, and drilling method of gas drainage holes
can be determined by taking into account the uncertain
geological parameters in conducting methane drainage-
ability (MDA) operations. *erefore, geological studies are
necessary procedures to be done in the coal mine methane
drainage projects [5].

*e methane drainage from the coal seams on a large
scale can be accomplished through three different methods:
Coal-Bed Methane (CBM), Coal Mine Methane (CMM),
and Enhanced Coal-Bed Methane (ECBM). Methane can be
captured before and after mining by pre- and postdrainage
phases. Postdrainage may also involve drilling from the
surface or from the underground caved spaces. Even more
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than 70% of total methane emission to airways may come
from overburden and underburden layers in some mines.
CMM can be carried out simultaneously with or prior to
mining operations. *is is done to increase mine safety
[6–8]. Many factors affect the efficiency of CMM/CBM
drainage operations, an important part of which is uncertain
geological criteria [9]. A few studies have been done on the
evaluation, classification, and ranking of the coal seam for
the MDA during the coal mining operation. Earlier research
has focused on the problems such as the effect of factors on
the methane drainage efficiency [10], production rate of the
CBM [11], optimization of boreholes drilling pattern [12,13],
and environmental problems of the methane drainage op-
erations [14,15].

Perera et al. [16] optimized the CMM operation by
examining the geological factors (coal seam porosity, cleats
condition, temperature of seam, gas content, and methane
gas pressure), which affect the operation. Lu et al. [10]
analyzed the effect of the geological criteria (roof rock
quality, coal intrinsic properties, coal density, P-wave ve-
locity, uniaxial compressive strength, modulus of elasticity,
and Poisson ratio) to evaluate the methane drainage effi-
ciency of the coal mines. Also, Zhou et al. [17] performed
simulation and optimization of the piping network for CBM
operations. In addition to considering the influence of
geological factors (gas content and geometrical properties of
the coal layer), they examined the parameters related to the
drilling pattern (diameter, length, angle of boreholes, and
distance from each other) were also applied to the mathe-
matical model. Wang et al. [18] evaluated the potential of
CBM operation in coal mines of Xishan coalfield of China
using fuzzy multilevel mathematical analysis. *ey also
analyzed the influence of different geological criteria such as
tectonics, coal stratification, and hydrology on MDA. Meng
et al. [19] presented a mathematical model for the man-
agement of methane production in the CBM method
through the consideration of geological factors (thickness
and length of coal seam, water content, and coal density) and
geomechanical parameters (Poisson ratio, modulus of
elasticity, and cleats length). Najafi and Rafiee [20] devel-
oped an index for MDA of coal seams using the Fuzzy Rock
Engineering System (FRES). *ey considered 17 parameters
as the main factors affecting the methane drainage from coal
seams. *e result showed that the permeability of coal is the
most interactive parameter.

On the other hand, the importance of uncertainty in
solving mining problems, especially methane drainage of the
underground coal mines, is significant. Some studies have
been done on this target. Szlązak and Korzec [21] investi-
gated the gas content of the coal seam considering the
uncertainty of the amount of gas. In laboratory studies, they
presented a significantly effective two-step methodology.
Montiel et al. [22] also presented a general optimization of
underground and open-pit mining operations taking into
account geological uncertainty. In this study, an extraction
sequence based on uncertainty and its general principles is
presented, which had significant results. Also, assessment of
the risk of underground mines with Failure Modes and
Effects Analysis (FMEA) method is studied by Shariati [23].

A Fuzzy-FMEAmethod is presented in this study that solves
the risk analysis in different mining problems.

In preoperation steps, the coal seams should be ranked
via different methods based on effective parameters before
designing and implementing methane drainage systems.
Prioritization of coal seams is necessary because the fuzzy
classification system can identify suitable sequestration of
the coal seams. From a safety point of view, it is also im-
portant to identify which coal seam is in an unfavorable
safety state and is hazardous. In terms of safety problems, the
seams that are badly or abnormally conditioned by different
criteria should be degasification very quickly. *e current
study examined the drainage-ability of the coal seams in
Tabas (Parvadeh) coalfield in Iran by evaluating the effects of
geological factors. Also, a classification system was presented
by applying a fuzzy theory and fuzzy cognitive map (FCM)
for each of the criteria, and the coal seams were ranked based
on the effective factors. Also, in this study, the CBM drainage
method has been considered due to the causal nature of the
proposed model and the extent of its applications in un-
derground coal mines.

*e main purpose of the current study is to provide a
hybrid algorithm based on metaheuristic methods and fuzzy
theory that can be used to classify coal seams. *e impor-
tance of classification is that using an engineering classifi-
cation, it is possible to prioritize coal seams in order to start
methane drainage operations. It is difficult to distinguish one
underground coal seam from several existing seams for gas
drainage operations. To this end, it is necessary to provide a
technical and engineering approach to solve this problem. In
this research, by considering several influencing factors and
examining how they affect them, an algorithm is presented
that has acceptable results.

*e article is outlined as follows: in Section 2, the
geological factors affecting the MDA operation are analyzed.
In Section 3, the research methodology is described, in-
cluding fuzzy theory and fuzzy cognitive map (FCM). In
Section 4, a case study is reviewed and after discussing the
results in Section 5, the main results of this research are
presented in Section 6.

2. Materials

*e geological factors are serious and influential parameters
in methane drainage operations. Ignoring these factors can
cause irreparable damage to an underground coal mine and
even cause project closures.*erefore, the methane drainage
process is impressed by geological parameters. *e most
important geological criteria affecting the CMM ability of
the coal seams are depth, thickness, and uniformity of coal
seam, condition of joints and cleats, roof quality, coal seam
gas content, underground water condition, and permeability
of coal seam [24–29].

2.1. Cleats and Joints Condition. Naturally, coal has dis-
continuities that can be referred to as cleats, joints, and
discontinuous plates. Generally, the cleats are a fracture
system in coal seams with a length of less than one meter and
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a frequency of between 5 and 20 joints per meter. *e cleats
are usually upright and have two directions perpendicular to
each other: the face cleats are longer and the layering plates
cut off the coal that may extend over larger distances.*e but
cleats, which are usually short in length and may have
curves, are discontinuous fractures that alternate the face
cleat’s permeability [30]. Gas production is highly depen-
dent on cleat spacing and cleat interconnections [31]. By
decreasing cleat spacing and increasing its interconnections,
the potential of methane drainage is increased. *e cleat
aperture has an immense impact on reservoir permeability.
*e relationship between cleat spacing, aperture size, and
permeability was studied by Laubach et al. [32] in the San
Juan and Black Warrior basins (Figure 1).

2.2. %ickness of Coal Seam. *e thickness of the seam is an
important factor in determining the gas drainage-ability and
has an impact on the amount of degasification and equip-
ment selection. As the seam increases in thickness, the length
of boreholes in the coal seam will increase, and more gas will
thus be produced. Moreover, horizontal boreholes drilling in
a thicker coal seam is easier. Black [33] studied 53 samples of
coal seam thickness. He found that increased gas production
was achieved from boreholes located in areas with greater
seam thickness. Also, caving height depends on seam
thickness [34]. *erefore, the greater the seam thickness, the
higher the caving, and more gas will flow into the gob from
overlying strata and into the mine.

2.3. Permeability of Coal Seam. Permeability refers to the
ability of the coal to transmit gas when a pressure or con-
centration gradient occurs across it. Permeability has sig-
nificant effects on the gas drainage from coal seams
[5,35,36]. It is closely related to the cleat properties (spacing
and aperture width) and the value of in situ stress on the
cleat. *erefore, permeability may vary with changes in fluid
pressure during gas drainage from coal seam [32,33,36].
Permeability of coal seam has a strong effect on the gas
production profile and gas performance. In high-perme-
ability coals, the horizontal boreholes can be used for re-
ducing the gas content of longwall panels and maximizing
gate road development [5]. According to research on dif-
ferent methane drainage projects, it has been found that the
appropriate permeability rate for the CMM process is 30–50
mDarcy [37]. Nowadays, with the new technologies, the
CMM process can be carried out on low permeable coal
seams. *e research shows that the minimum rate of per-
meability required for CMM operations is 1 mDarcy [38].

2.4. Depth of Coal Seam. By increasing the depth, the
pressure from the overlying strata on the coal seam will be
increased, which improves the absorption capacity of the
coal [39]. *e absorption capacity is greater in high-quality
coals for a given depth. On the other hand, increasing the
depth (vertical stress) of the seam causes the network of
cleats and fractures to stick together, reducing the perme-
ability of the coal seam [40]. Like the vertical stresses, the

horizontal stresses tend to close up fractures [39]. *e re-
lationship between the absorption capacity and the type of
coal and the depth (and pressure) is shown in Figure 2. It
should be noted that as the depth of the coal seam increases,
CMM operation becomes more difficult due to the need for
more advanced equipment and higher operating costs.

2.5. Coal Seam Gas Content. Gas content is defined as the
cubic meters of gas per ton of coal (t/m3). *e gas content of
coal refers to the volume of the absorbed phase in coal as the
gas from coal is released [42]. Gas content is an important
factor in relation to mine safety and mine planning and has
become increasingly important in coal-bed methane re-
source assessment and recovery operation [33]. It is one of
the key data in CBM resource estimation. *e coals of
subbituminous to low-volatile bituminous rage usually
provide high gas content and natural permeability [5]. *e
gas content of coals with the same rank generally increases
with increasing depth [43]. *e coal rank is the most im-
portant factor that affects the methane adsorption capacity
in coal beds. By increasing the rank of the coal, the gas
holding capacity also increases.

2.6. Underground Water Condition in Mining Area. *e
presence of water in the panels and working faces of un-
derground coal mines is extremely harmful, but the presence
of water in the coal seam prevents the release of methane
into the panels and working faces. On the other hand,
dissolving methane gas in the water in the coal seams results
in increased energy consumption of the drainage pumps and
other equipment during the drainage operation.

2.7. Roof Quality. *e discontinuities, fault, stratigraphy,
and the strength of overlying and underlying strata have
many effects on the gas production from coal seams. *e
appropriate spacing of faults can limit the dewatering re-
quired and allow quick gas to the surface, possibly enhancing
the economy of a prospect [5]. *e effect of fault on the coal
seam gas is complex. It depends on the closure of fault and
the permeability of the surrounding rock that touches the
coal seam [44]. *e faults and the associated weakness zones
may be responsible for the high gas concentration en-
countered during mining [45]. Karacan et al. [1] studied the
effects of impermeable faults on the gas drainage efficiency
by numerical modeling. *e results indicated that the faults
caused increased production from the vertical borehole but
left no effects on the gas production horizontal borehole.*e
gas content of surrounding rock of coal seams highly
depended on the situation of geological structure.

However, one of the important parameters in the gas
drainage from coal seams is the quality of the overburden
rock of the coal seam. As the overburden rocks become
more stable, the methane gas in the seam cannot move
upward and is stored in the coal seam. On the other hand,
by increasing the quality of the overburden rock mass, the
stability of the drainage boreholes is increased and their
destruction is prevented. It also makes drainage
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equipment more efficient. *e roof quality index depends
on parameters such as the uniaxial compressive strength
(UCS) of the overburden and the immediate roof
thickness. *e roof quality index (Qr) value is calculated
from the following:

Qr � 0.015 × σM × d, (1)

where σM is the in situ compressive strength of roof rock
(kg/cm2) and d is immediate roof thickness (cm). Measuring
the value of σM in situ is relatively difficult. *erefore, the
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Figure 2: Relationship between volumes of gas stored in the seam, type of coal, and depth of deposition [41].
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following equation can be used for the calculation of this
parameter:

σM � σC × k1 × k2 × k3, (2)

where σC is UCS of the overburden rocks (kg/cm2), k1 is the
in situ strength coefficient, k2 is creep coefficient, and k3 is
moisture coefficient. *e k1, k2, and k3 coefficients depend
on the material of the roof rock and its properties and are
determined according to Table 1.

*e roofs with a quality index of 35 to 130 (kg/cm2) are
selected as the most suitable roof for longwall mining op-
erations and the gas drainage processes, consequently [46].

2.8. Uniformity of Coal Seam. *e faults are one of the most
important geological structures in the underground coal
mines, which may cause the immediate release of methane
gas or as an impermeable barrier to methane release. *e
faults can also act as a conduit for the passage of gas flow
through the covering layers into the extraction plant or vice
versa. *e reverse faults also act as a barrier to gas flow. In
general, the best method of methane drainage from faulted
layers is degasification using vertical, directional, and
transverse boreholes [38]. When designing and executing
coal mines that are extracted on faulted coal seams, special
attention should be paid to the different states of the mine’s
input impedance to the fault and methane drainage method.
*e value of fault-induced coal seam displacement and the
number of faults along the seam are the most important
factors influencing coal extraction [47] and the MDA. *e
MDA of the coal seam is directly related to its uniformity.
*e uniformity of the seam is determined by the changes in
the displacement index (the ratio of the seams displacement
to its thickness), as follows:

It �
t

m
, (3)

where t is the displacement of coal seam by fault (m) andm is
the coal seam thickness (m). In this classification, the seam
displacement index is shown as a fraction of the seam
thickness.*e uniformity of the seam is assigned to the seam
as a score based on its displacement index.

3. Case Study: ParvadehCoalfield in Tabas, Iran

Parvadeh is located in the Tabas region in the Southern-
Khorasan province and 85 km south of Tabas city (Figure 3).
*is area is located in the geological divisions of Iran in the
Central Iran area. Parvadeh coal deposit consists of five coal
seams (C1, C2,D, B1, and B2). It has three minable seams (C1,
B1, and B2). *e Parvadeh coalfield (in Iran) lies in a basin
between two major north-south trending fault systems, the
Kalmard fault to the west and the Nayband fault to the east.
A third major fault is thought to exist in the west. *e
Nayband fault is still seismically active, a major earthquake
occurring in 1978. Other faults in the area may also be active.
Second-order structures trend east-west between these
faults, including the Rostam, Zenowqan, and Quri-Chay
faults and the Parvadeh anticline.*e Rostam fault forms the

northern boundary to the Parvadeh area. It is a reverse fault
with a displacement of up to 700m, downthrowing to the
north. *e Parvadeh anticline, lying immediately to the
south of the Rostam fault, is asymmetric, with a steep (65°)
northern limb. Deformation of the strata is severe in the
zone adjacent to the Rostam fault with tight folding and
numerous faults. Stratigraphically, the coal-bearing se-
quence is included in the Qadir member, some 1000m in
thickness, of the Nayband formation and is of Triassic age.
*e rocks are mostly mudstone with prominent coarsening
up siltstone/sandstone sequences, often topped by extremely
fossiliferous horizons. Locally developed, thin, marine lime-
stones occur.

*e geological criteria used in the current study and the
characteristics of the different seams of the Parvadeh
coalfield are presented in Table 2.

4. Methods

In the current study, the fuzzy theory classification approach
is used. *e proposed approach is a two-step algorithm that
uses the FCMmethod in the first step and fuzzy theory in the
second step. *e fuzzy cognitive map (FCM) is one of the
causal methods based on metaheuristic approaches and due
to its efficiency, it has been used to calculate the fuzzy weight
of the effective criteria based on uncertainty geological
factors. *e second part of the algorithm is done according
to previous studies and considering the weight obtained
from the first stage of the algorithm. *en, the classification
of the coal seams is done by the introduced algorithm. On
the other hand, the approach presented in the current study
is general, and data of an underground coal mine have been
used to achieve the results and validate the proposed
method. *e consequent results of the current study can be
used in other coal mines.

*e model is designed based on available information and
data. In other words, in the model, the available data affecting
the methane drainage have been considered by researchers.
Regarding the geology and condition of the coal cleats and
joints, it should be noted that each coal seam will be scored
using the available geological surveys andmaps. Also, the cleats
condition of the coal seam was obtained based on laboratory
studies.*ismeans that after sampling the coal seam, the status
and number of coal cleats will be determined and was used in
the model. *e theoretical literature on the hybrid fuzzy
method used in this study is briefly described below.

4.1. Fuzzy %eory. Zadeh [48] first proposed the “fuzzy
sets” theory in 1965. *is theory is introduced to solve
decision-making (DM) problems in an atmosphere of

Table 1: Coefficients affecting the compressive strength of the roof
rock.

Rock type k1 k2 k3

Sandstone 0.33 0.7 0.6
Limestone 0.42 0.6 0.4
Limestone and Claystone 0.5 0.6 0.4
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uncertainty for the ease of performing complex real-
world calculations. On the other hand, decisions are
accompanied by the uncertain situation and practi-
tioners’ comments as preliminary data for engineering
DM should be in linguistic propositions (linguistic var-
iables). *e expert opinions are usually expressed in
terms of quality that must be quantified with precision
and applied in the DM process. For this purpose, the
replacement of definitive values with fuzzy values has
resulted in different fuzzy approaches. Consequently, the
results of each approach have become more consistent
with real-world conditions, and the efficiency of the
approach has increased [49].

*e fuzzy theory states that if the range of the {0,1} is
converted to the interval [0,1], the crisp set is converted
to the fuzzy set. In other words, by assuming the universal
set U, the fuzzy set A in set U is defined as follows:

A: U⟶ [0.1];

A(u) ∈ [0.1].
(4)

Also, the fuzzy set A can be represented by the following:

A �
μA x1( 

x1
,
μA x2( 

x2
, . . . ,

μA xn( 

xn

 , (5)

where μA(x1) is the degree of membership Xi in set A that
changed in the interval [0,1] [50].

According to the fuzzy theory, the use of the degree of
membership sets has replaced the definite sets. Also, the use
of fuzzy numbers in fuzzy calculations has led to different
types of fuzzy numbers being studied by researchers. *e
fuzzy numbers may be expressed in triangular, trapezoidal,
or other forms. *e use of triangular numbers is common in
solving engineering problems with a fuzzy approach [51].

Table 2: Characteristics of the geological criteria used in this study.

Seam Depth (m) *ickness (m) Cleats
(joint/m) Uniformity Gas content

(m3/ton)
Roof quality

(MPa)
Water condition

(m3/min)
Permeability
(mDarcy)

D 313 0.3 13 0.7 15.1 88.7 106 38
C2 348 0.6 17 0.8 16.2 91.4 91 40
C1 364 1.9 20 0.75 16.3 95.1 83 45
B2 387 0.9 18 0.8 20.87 85.4 64 30
B1 399 0.75 16 0.7 21.69 86.1 80 41
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Figure 3: Geographical location of the studied mine in Iran.
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With these types of numbers, decision-makers can easily
express the linguistic variables provided by experts with
greater consistency than with fuzzy number facts.

In the current study, a classification algorithm is used
based on fuzzy theory and uncertainty factors. *e reason
for using fuzzy logic is the results close to the real-world that
this approach has shown in solving various engineering
problems. *e results of studies based on fuzzy theory show
that various problems (including the presentation of clas-
sification algorithms) can be solved by fuzzy simulations.
For this purpose, in the present study, a fuzzy two-step
algorithm is used. *e proposed hybrid algorithm, in the
first step, calculates the weight of the effective criteria by a
fuzzy method based on metaheuristic algorithms (FCM).
*en, using the weights obtained from the first step, the
algorithm classifies the coal layers based on fuzzy operators.

4.2. FCM Method. Given the ability of FCM to model
complex systems with scarce and limited data, as well as the
unavailability or cost-effectiveness of data collection, FCM
can be a very useful modeling tool [52]. Also, the FCM
method is a cognitive map (CM) that can use the relation
between the components of a subjective perspective to
calculate the effect of causal relationships with numerical in
the interval [0,1] or [-1,1] [53]. Time series data and expert
opinions can be used to draw such a CM. In the calculation-
based CM method, time series data are used as inputs.
Moreover, neural network logic is used to estimate map
weights and relationships between variables [54].

In FCM, Cis represents the concepts or nodes that are
linked together by weighted arcs. Each relation between the
two nodes Ci and Cj has a weight equal toWij, indicating the
degree of causality and the type of relationship between the
nodes. On the other hand,Wij> 0 indicates a positive causal
relationship,Wij< 0 indicates a negative causal relationship,
andWij � 0 indicates no relationship between the two nodes
or concepts [55]. *ere are six steps to explain a CM as
follows:

(i) Identifying the concepts/nodes that affect the
system

(ii) Determining the relationship between concepts
(iii) Weighting these connections and concepts based on

field studies and expert opinion
(iv) Selecting the calculation method and limit functions
(v) Releasing all concepts/nodes with other concepts/

nodes and calculating the result of the interaction
between the concepts/nodes in each cycle

(vi) Continuing this process until stopping conditions
such as chaotic behavior of the system or when the
numbers of repetitions are reached

In the CM method, the accurate estimation of map
weights by the experts is a serious problem. In recent years,
learning algorithms have been used to increase metrics
accuracy and map convergence and reduce dependency on
expert opinion. *e algorithms are categorized into three
groups of learning algorithms based on Hebbian,

population-based learning, and hybrid learning algorithms
[56]. Also, according to the data of the current study, hybrid
learning algorithms would be the best option. Because these
algorithms are designed according to Artificial Intelligence
Systems (AIS) and human brain functions, they are capable
of training. On the other hand, the algorithms are capable of
simultaneously analyzing the effects of various factors and
have acceptable results in solving different engineering
problems. *ese algorithms are a combination of the
Hebbian learning algorithm and metaheuristic methods.
Furthermore, they are suitable for weight modification of
maps that combine time series data and expert opinions. In
this study, the algorithms of this category are also used as a
hybrid learning algorithm of nonlinear heuristics and dif-
ferential evolution because they update nonzero weights in
different iterations and maintains the relationships between
the concepts defined in the original map [57]. Figure 4 shows
the nonlinear Hebbian algorithm pseudocode (first stage of
NHL-DE algorithm), and Figure 5 shows the pseudocode of
differential evolution algorithm (second stage of NHL-DE
algorithm).

In the presented pseudocode, A0 denotes the initial state
matrix of the system, W0 denotes the initial weight matrix
between the variables, A(k) and A(k+1) denote the new values
of the variables in the k and k+1 iterations, η and c denote
positive and very integer small numbers (learning rate),W(k)

ji

and W
(k+1)
ji denote updated weights between variables i and j

in k and k+1 iterations, and WNHL(k+1) represents the final
weight matrix between variables in the first step, sgn denotes
sign function, and NP represents the population number
[58].

4.3. Hybrid FCM Method and Fuzzy Approach. *is study
has employed the FCM method and fuzzy classification
approach. According to the proposed method, the criteria
weights are calculated via FCM and are used as part of the
inputs of the fuzzy classification approach. Due to the de-
sired performance of each of these methods in optimizing
the evaluation of projects, they were also used in the current
study. *e main reason for this issue is the compatibility of
these two approaches with the real situation, so the fuzzy
numbers are used to make the algorithm’s performance
more consistent with the actual conditions. In this study, the
geological criteria affecting the MDA (CMM/CBM-ability)
of underground coal mines are used as the primary input in
the FCM method. In fact, after identifying the geological
criteria affecting the MDA, the FCM is drawn with these
criteria. *e reason for using this approach is to identify the
causal relationships between the criteria that affect and how
each criterion affects them. *erefore, the identified geo-
logical criteria are used as cognitive map concepts.

*e causal relationship between the concepts in CM and
the weighting of the identified relationships has been de-
termined by experts in mining engineering, who also de-
termined the most effective criteria identified by assuming
each of the identified criteria is active in cognitive mapping
and implemented a hybrid learning algorithm that indicates
the extent to which each geological criterion has an effect on

Mathematical Problems in Engineering 7



MDA. After calculating the weight of the criteria by FCM,
the fuzzy theory is used to classify the criteria. It is ass-
umed that U is a set of evaluated elements, and  �

f1, f2, . . . , fm  is a set of parameters that determine the
quality of the elements under evaluation. Moreover, E �

e1, e2, . . . , ep  is considered as a set of verbal results that ek

determines the quality of the category k. For each of the

parameters fj, for each value of k of the set 1, 2, . . . , p , a
fuzzy class ek is created. Because fuzzy class ek is a fuzzy set
that is controlled by fj, the fuzzy set is designed by Ajk [59].
If qualitative categories are used by distance indexes, the
objective function Q(k)(x) is defined as the membership
function. Q(k)(x) � Ajk(x) is calculated by the following
equations:

Q
(1)

(x) �
1

1 + exp − cj × x − dj  
, j � 1, 2, . . . , m, (6)

Q
(k)

(x) � exp −
1
2

x − aj

bj

 

2
⎛⎝ ⎞⎠, j � 1, 2, . . . , m, k � 1, 2, . . . , p − 1, (7)

Q
(p)
j (x) �

1
1 + exp − cj × x − dj  

, j � 1, 2, . . . , m. (8)

It should be noted that the number of qualitative cat-
egories is the same for all parameters fj. By accepting three
elements for set u ∈ U, the results of evaluation
Ru � (rjk(u))mxp can be obtained as in Figure 6.

Figure 6 shows a map of the multicriteria evaluation
method, including the weight of the parameters and the
corresponding matrix combined with a decision function, as
follows [61]:

Step 1: Read input concept state A0 and initial weight matrix W0

Step 2: Repeat for each iteration k
Step 3: Calculate A(k) through the following Equation:

Step 4: Update the weight through the following Equation: 

Step 5: Calculate the termination functions
Step 6: Continue until the termination conditions are met
Step 7: Return the final weights W (k+1)

NLH
to the Second stage (DE algorithm) 

First stage: Nonlinear Hebbian algorithm

,

Figure 4: *e pseudocode of the NLH learning algorithm [56].

Second stage: Differential evolution algorithm (DE)

Step 1: Initialize the DE population in the neighborhood of W (k + 1)
NLH

and within the suggested weight constraints
Step 2: Repeat for each input concept state (k)
Step 3: Do steps (4)to (7) for i=1 to NP (number of population)
Step 4: MUTATION W (k)

i → Mutant_Vector
Step 5: CROSSOVER(Mutant_Vector) →Trial_Vector
Step 6: Accept Trial Vector for the next generation if 

F (Trial _Vector ) F (W (k))i≤
Step 7: Until the termination condition is met

Figure 5: *e pseudocode of the DE learning algorithm [56].
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ξ: U⟶ F(E), (9)

u⟶ ξ(u),

D
(u)

� f W, R
(u)

 .
(10)

In equations (9) and (10), f is the decision criterion used
to evaluate the option.

One of the most important steps in evaluating fuzzy
criteria and providing an optimal fuzzy classification system
is the selection of the appropriate aggregation operator (T-
norm). *e operators (T-norms) are part of a fuzzy set that
overlaps sets in the sense that they are used as a kind of
societal turn. Numerous T-norms such as minimum
(maximum) and maximum (minimum) transfer functions
have been introduced in many studies (Table 3).

Each T-norm is a fuzzy transfer and has the role of
calculation mechanism between fuzzy sets. Also, fuzzy op-
erators act as intermediaries that enable the calculations of
the fuzzy equations to be performed correctly and establish
connections between different parts of the fuzzy equations
and calculations. Fuzzy equations are different from classic
mathematics and for this reason, many operators are made
and presented to solve fuzzy-based computations. It is now
widely accepted that any fuzzy set integrator can be used in
multicriteria evaluation. So, decision-makers may choose a
decision function that works best in decision-making. In this
study, the operator introduced by Dubois and Prade [59]
with minimum weight is used. Dubois and Prade operator
was used because of the significant efficiency of this operator
in solving fuzzy classification problems. In the literature of
fuzzy theory’s applications in mining engineering problems,
usually, the Dubois and Prade operator was used, and the
results of this T-norm is acceptable in real-world condition.

After applying the operator in the fuzzy class selection
process for each option (coal seam), one can perform
expert and engineering analysis of the results. Also, to
validate the fuzzy classification results, each option cat-
egory can be compared with the actual conditions in the
mine (Figure 7).

5. Results and Discussion

According to the expert opinion and the relationships be-
tween the selected criteria by the FCM method, the fuzzy
cognitive map is shown in Figure 8. *en, the causal rela-
tionships between the criteria using hybrid learning algo-
rithms (nonlinear and hybrid learning algorithms) were
examined, and the weights of each criterion were calculated
as presented in Table 4.

After calculating the fuzzy weights of each criterion
using the FCM method, all fuzzy weights are transformed
into a nonfuzzy (11) [63]:

Wi � 
3

i�1
wj

⎛⎝ ⎞⎠

1/3

. (11)

Table 5 shows the degree of nonfuzzy significance of the
criteria affecting the MDA using the FCM method.

After determining the importance of the geological
criteria, the interval classification of the criteria was done in
five distinct categories (classes): very good (VG), good (G),
moderate (M), poor (P), and very poor (VP). *e classifi-
cation results for criteria are presented in Table 6. After
determining the categories, the Gaussian and sigmoidal
membership functions were defined for each criterion.
Fuzzy functions have many forms, including triangles,
trapezoids, and sigmoidal. *e efficiency of sigmoidal
functions is greater than other forms in various engineering
problems and the results of this form are close to the real
world. *ese functions are also more consistent with the
nature of the problem in this study. *e values required to
analyze the data and provide the appropriate classification of
the coal seams are usually curved forms. *us, fuzzy sig-
moidal functions are used in the current study.

Figure 9 shows the Gaussian membership functions
defined for the criteria. After performing the above steps,
five-category membership functions were defined for all
criteria according to Table 6. *e specified functions are
presented in Table 7.

To classify the criteria and factors influencing the de-
cision regarding the classification of coal seams for methane
drainage, the results of previous studies were used. *e
technical reports of underground coal mines were very
helpful in this regard. Authentic scientific sources, some of
which are also mentioned in the text of the article, have also
been used. *e authors of this article, considering the fuzzy
conditions of each criterion and reviewing previous studies,
have presented a fuzzy classification (Table 6). It should be
noted that models based on fuzzy theory have the ability that
specialists can consider their desired intervals to solve an
engineering problem. Of course, the authors have also used
the experiences of experts and consulting engineers of the
Parvadeh coal mine.

Due to the inverse relationship between the “depth of
coal seam” and the “methane drainage-ability (MDA),” the
curves related to this criterion are different from other di-
agrams. *at means that the shallower depth of the seam
(seams in slight deep of the ground) has greater MDA, which
indicates a VG class. *is argument is not true for other
criteria and for other criteria, the opposite is true.

*e opinions of geologists and methane drainage system
experts have been used in deciding on various criteria af-
fecting the MDA. In the current research, a fuzzy classifi-
cation of factors affecting MDA is presented based on the
experiences of coal mining experts who have experience in
methane drainage.

After creating the classification system, the evaluation of
this system was done using the presented functions obtained
from Parvadeh coalfield data (Table 7). *erefore, at the first
step, the fuzzy matrix was formed for each coal seam. *e
fuzzy matrix elements are represented as aij. Each element

Input

u R(u)-W D(u)=f (W,R(u))

Transformer Output

Figure 6: Multicriteria evaluation process [60].
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represents the degree of membership of the corresponding
criterion i in class j of the mentioned element. An example of
the calculations for C1 coal seam (Table 8) is provided below.

In the next step, the position of each seam was deter-
mined in the fuzzy classification by using Dubois and Prade
operator (Table 9). It should be noted that the fuzzy cal-
culations were done for each criterion and each fuzzy class.

D � f(W, R) · · · [0.1208, 0.0815, 0.1682, 0.1138, 0.11584, 0.0888, 0.1364, 0.1320]

Ο

0.0000 0.0991 0.5661 0.0000 0.0000

0.0322 0.1181 0.0000 0.0000 0.0000

1.0000 0.0000 0.0000 0.0075 0.0024

0.0003 0.7548 0.0795 0.0000 0.0000

0.0000 0.0000 0.4483 0.4674 0.0000

0.0000 0.1186 0.5083 0.0000 0.0000

0.0000 0.0000 0.5561 0.1862 0.0000

0.0000 0.0000 0.0000 0.0038 0.9994

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

DW
� f(W, R)

� ∧mi�1 1 − wi( ∨μi ⟹di(u)

� 1 − wi( ∨r11(u)( ∧ · · ·∧ 1 − wi( ∨r11(u)( ,

d1(u) � 1 − w1( ∨r11(u)( ∧ · · ·∧ 1 − w9( ∨r91(u)(  � 0.8680
d2(u) � 1 − w1( ∨r12(u)( ∧ · · ·∧ 1 − w9( ∨r92(u)(  � 0.4674
d3(u) � 1 − w1( ∨r13(u)( ∧ · · ·∧ 1 − w9( ∨r93(u)(  � 0.5661
d4(u) � 1 − w1( ∨r14(u)( ∧ · · ·∧ 1 − w9( ∨r94(u)(  � 0.7548
d5(u) � 1 − w1( ∨r15(u)( ∧ · · ·∧ 1 − w9( ∨r95(  � 0.8317

⎫⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

⇒D � f(W, R)

� 0.8680 , 0.4674, 0.5661, 0.7548, 0.8317( .

(12)

*e value of 0.8680 belongs to the “very good” cat-
egory that has the seam of C1. *e results of the fuzzy
classification for different coal seams in Parvadeh are
presented in Table 9.

*e C1 seam located in Parvadeh coalfield is mined by a
mechanized longwall retreat mining method. Currently,
considering the high value of C1 gas content, methane
drainage operation is done by steeply methane drainage
boreholes into the roof strata with the length of 40–90m and
28–37-degree dip. *e boreholes cut off the C2 coal seam.
*e C1 coal seam has low strength. In soft coal seams,
drilling boreholes is very difficult because the holes fail and
usually collapse, and drill bits get stuck in the holes.
However, the C1 seam is very accurate in the category of
“very good,” which is calculated by the proposed fuzzy

classification system, which is very consistent with the real-
field conditions. Also, the other seams have their own
conditions. For example, seam C2 has a significant gas
volume because it is located above seam C1, and the geo-
logical parameters of this seam are almost similar to seamC1.
Because of this, seam C2 is placed close to seam C1, in the
“good” category.*e seams B2, B1, andD were classified into
“Moderate,” “Poor,” and “Very Poor” categories due to the
fluctuations in the values of the geological criteria, indicating
the fact that these seams are among the last priorities of the
methane drainage operation.

*e only way for proposed classification model valida-
tion is to compare the results of the current study with the
real conditions of a coal mine in which methane drainage
operation is processing. For this purpose, the largest and

Table 3: Some of the most important fuzzy aggregation operators (T-norms).

Researcher (s) Year Presented operators
Yager [62] 1978 DW(μ1, μ2, . . . , μm) � ∧mi�1.μ

Wi

i

Dubois and Prade [59] 1980 DW(μ1, μ2, . . . , μm) � ∧mi�1[(1 − wi)∨μi]

Kaymak [61] 1998 DW(μ1, μ2, . . . , μm) � Max[0.1 − (
m
i�1 wi × (1 − μi))

1/c], c> 0
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Figure 8: FCM to calculate the weight of different parameters affecting MDA (case study).

Investigating the related research 

Forming the fuzzy classification system for each criterion

Defining the Gaussian membership function
for each criterion

Validating the category for each coal seam
with actual mining conditions

Evaluating the presented system
using real data of coal seams 

Determining the category for each layer
using the Dubois & Prade fuzzy operator 

Fuzzy Cognitive Map method (FCM) Fuzzy classification of criteria into five categories

Extracting the list of criteria affecting the issue

Determining the causal-effective relationships of
affective criteria using expert opinions 

-

Drawing fuzzy cognitive map plotting for
identified effective criteria

Extracting fuzzy weight of each criterion by
applying hybrid learning algorithm 

Figure 7: Flowchart of the various steps of the presented hybrid fuzzy approach.
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most mechanized coal mine in Iran was studied for vali-
dation of the presented fuzzy classification model. *e re-
sults of the presented model were compared with the
information and data obtained from the real CBM opera-
tions in the mentioned mine. Also, the MDA obtained from
the model was evaluated with the parameters obtained from
the implementation of the real operation. *e results show
that the coal seamwhoseMDA is in the “good” class is in fact
the same. Or the coal seam with “bad” MDA class is really
evaluated for bad to drain the methane based on the criteria
influencing the model.

Similar studies have not been performed on the fuzzy
classification of coal seams and their prioritization based on
methane drainage-ability. *e results of the research were
compared with the real conditions of the Parvadeh mine

(case study). Parvadeh mine is the largest mechanized mine
in Iran and methane drainage operations are carried out in
it. *e design and implementation of metamorphosis op-
erations of this mine have been done by reputable consulting
companies and are still ongoing. In order to validate the
present study, the results of fuzzy calculations and classi-
fication were compared with the results of the design and
implementation of consulting engineers of Tabas Coal
Project, which indicates the concordance of the research
results with the real world. It should be noted that the
projects presented by consulting engineers are being
implemented in the Parvadeh mine and the layers men-
tioned in this study have been selected from the same layers
of activated coal so that a more accurate comparison can be
made.

Table 6: *e quantitative and qualitative classification of geological criteria affecting MDA.

Criteria Quantitative and qualitative classification of criteria

Depth of seam (m) 1–100 very
shallow

100–200
shallow 200–400 nearly deep 400–600 deep 600< very deep

*ickness of seam (m) <0.5 very thin 0.5–4.5 thin 4.6–6 nearly thick 6–30 thick 30< very thick
Cleats condition (joint/m) 0–3 very few 3–10 few 10–15 moderate 15–20 numerous 20< very numerous

Uniformity of seam 0–0.5 very
uniform

0.5–1.3
uniform 1.3–2 nearly uniform 2–2.8

nonuniform
2.8< quite
nonuniform

Gas content (m3/ton) 0–5 very low
gaseous

5–10 low
gaseous

10–15 moderate
gaseous 15–20 gaseous 20< very gaseous

Roof quality (MPa) 5–40 very weak 40–100 weak 100–200 moderate 200–300 strong 300< very strong
Underground water condition
(m3/min) 0–35 dry 35–70 wet 70–105 very wet 105–140 hydrous 140< very hydrous

Permeability (mDarcy) 0–5 very little 5–15 little 15–30 moderate 30–45 very much 45<much

Table 4: *e weights from the FCM method for each criterion.

Criteria Symbol
Weights from learning algorithm

Lower limit Middle limit Higher limit
Depth of seam C1 0.4038 0.5053 0.6087
*ickness of seam C2 0.3132 0.3394 0.3586
Cleats C3 0.6631 0.6939 0.7281
Uniformity of seam C4 0.4716 0.4862 0.4921
Gas content C5 0.6177 0.6521 0.6945
Roof quality C6 0.3357 0.3764 0.3902
Water condition C7 0.5033 0.5304 0.6697
Permeability C8 0.5209 0.5445 0.5706
Methane drainage C9 - - -

Table 5: *e importance degree (weight) of the geological criteria affecting MDA of coal seams.

Criteria Symbol Degree of importance ( Wi)

Depth of seam C1 0.1208
*ickness of seam C2 0.0815
Cleats C3 0.1682
Uniformity of seam C4 0.1138
Gas content C5 0.1584
Roof quality C6 0.0888
Water condition C7 0.1364
Permeability C8 0.1320
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Figure 9: Continued.
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Figure 9: Membership functions of criteria.

Table 7: *e presented functions for the evaluation of the MDA of coal seams.

Qualitative class *ickness of seam Depth of seam
Very poor Q

(1)
1 (x) � 1/1 + exp[4 × (x − 1.05)] Q

(1)
1 (x) � 1/1 + exp[(− 0.09) × (x − 550)]

Poor Q
(2)
1 (x) � exp[− 1/2(x − 5/1.5)2] Q

(2)
1 (x) � exp[− 1/2(x − 450/40)2]

Moderate Q
(3)
1 (x) � exp[− 1/2(x − 10/1.75)2] Q

(3)
1 (x) � exp[− 1/2(x − 300/60)2]

Good Q
(4)
1 (x) � exp[− 1/2(x − 18/3)2] Q

(4)
1 (x) � exp[− 1/2(x − 100/30)2]

Very good Q
(5)
1 (x) � 1/1 + exp[(− 1.25) × (x − 25)] Q

(5)
1 (x) � 1/1 + exp[(0.09) × (x − 50)]

Qualitative class Uniformity of seam Cleats
Very poor Q

(1)
1 (x) � 1/1 + exp[(18) × (x − 0.3)] Q

(5)
1 (x) � 1/1 + exp[(− 2) × (x − 5)]

Poor Q
(2)
1 (x) � exp[− 1/2(x − 0.6/0.2)2] Q

(4)
1 (x) � exp[− 1/2(x − 5/1.6)2]

Moderate Q
(3)
1 (x) � exp[− 1/2(x − 1.2/0.2)2] Q

(3)
1 (x) � exp[− 1/2(x − 10/1.6)2]

Good Q
(4)
1 (x) � exp[− 1/2(x − 1.8/0.2)2] Q

(2)
1 (x) � exp[− 1/2(x − 15/1.6)2]

Very good Q
(5)
1 (x) � 1/1 + exp[(− 18) × (x − 2.2)] Q

(1)
1 (x) � 1/1 + exp[2 × (x − 17)]

Qualitative class Gas content Underground water condition
Very poor Q

(1)
1 (x) � 1/1 + exp[1.4 × (x − 3)] Q

(1)
1 (x) � 1/1 + exp[0.3 × (x − 35)]

Poor Q
(2)
1 (x) � exp[− 1/2(x − 6/2)2] Q

(2)
1 (x) � exp[− 1/2(x − 35/12)2]

Moderate Q
(3)
1 (x) � exp[− 1/2(x − 12.5/3)2] Q

(3)
1 (x) � exp[− 1/2(x − 70/12)2]

Good Q
(4)
1 (x) � exp[− 1/2(x − 20/3)2] Q

(4)
1 (x) � exp[− 1/2(x − 105/12)2]

Very good Q
(5)
1 (x) � 1/1 + exp[(− 1.4) × (x − 29.5)] Q

(5)
1 (x) � 1/1 + exp[(− 0.3) × (x − 135)]

Qualitative class Roof quality Permeability
Very poor Q

(1)
1 (x) � 1/1 + exp[0.3 × (x − 20)] Q

(1)
1 (x) � 1/1 + exp[1.5 × (x − 3)]

Poor Q
(2)
1 (x) � exp[− 1/2(x − 60/17)2] Q

(2)
1 (x) � exp[− 1/2(x − 10/3)2]

Moderate Q
(3)
1 (x) � exp[− 1/2(x − 130/30)2] Q

(3)
1 (x) � exp[− 1/2(x − 22/5)2]

Good Q
(4)
1 (x) � exp[− 1/2(x − 220/20)2] Q

(4)
1 (x) � exp[− 1/2(x − 35/3)2]

Very good Q
(5)
1 (x) � 1/1 + exp[(− 0.1) × (x − 250)] Q

(5)
1 (x) � 1/1 + exp[(− 1.5) × (x − 40)]

Table 8: Fuzzy matrix of seam C1.

Criteria Seam data
Components of fuzzy matrix

VP P M G VG
Depth of seam 364 0 0.0991 0.5661 0 0
*ickness of seam 1.9 0.0322 0.1181 0 0 0
Cleats 20 1 0 0 0.0075 0.0024
Uniformity of seam 0.75 0.0003 0.7548 0.0795 0 0
Gas content 16.3 0 0 0.4483 0.4674 0
Roof quality 95.1 0 0.1186 0.5083 0 0
Water condition 83 0 0 0.5561 0.1862 0
Permeability 45 0 0 0 0.0038 0.9994
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6. Conclusion

*e results for the five coal seams in Parvadeh coalfield with
different intrinsic, uncertain geological, and environmental
conditions, using Dubois and Prade operator, showing that
seam C1 is located in the “very good” and seam C2 is in
“good” categories in terms of MDA. *is can be accounted
for by the high gas content, the very good condition of the
generalization parameter, and the relatively high thickness of
the seam C1 relative to the other coal seams. On the other
hand, seam B2 is located in the “moderate” quality fuzzy
class. *e seam B1 was also classified as “poor.” At present,
among these seams, the seam C1 of the Parvadeh (Tabas coal
mine) is mined by a full-mechanized longwall mining
method, and the methane drainage operation is done in this
mine. In order to validate the results of the study, the data
from the drainage holes used in this mine were compared
with the qualitative categories of each seam, indicating that
the results of this classification system are in good agreement
with the real conditions of the studied seams in the Tabas
(Parvadeh) coalfield.

*e results of this research can pave the way for future
studies. Also, by comparing the obtained results with the
real conditions and technical reports of the consulting
engineers of Parvadeh Tabas mine, the compatibility of
the results of this research with the real world was proved.
*e required suggestions were also provided to the
managers of Parvadeh Tabas mine. *e managerial and
financial-economic aspects of this study should be eval-
uated in the form of another study. However, it can be
noted that with the correct prioritization of coal seams, in
addition to managing human and financial resources of
underground coal mining projects, risk management due
to methane gas condensation in the underground spaces
of coal mines can also be done. Obviously, safety in
underground coal mines is of special importance that by
selecting the appropriate coal layers and performing
methane drainage operations, we can see an increase in
the level of safety of underground coal mining, which is of
great importance from a managerial point of view. On the
other hand, by selecting the appropriate layer for meta-
morphosis and performing metamorphosis operations
from the desired layer, we can see the growth of the
profitability of mines. Methane extracted from coal seams
is a good source of income that can be a significant profit
as a by-product of the mine.
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