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Abstract: Highwall mining is a method that involves using a continuous highwall miner system
(CHM) to extract coal from the remaining coal seams, which has proven to be an effective and safe
method for extracting coal after open-pit mining. However, application cases globally have shown
that the feasibility of highwall mining in open-pit coal mines is subject to geological conditions,
mining techniques, and other factors. If application conditions are not suitable, equipment may be
trapped under collapsed coal–rock masses and unable to be retrieved, resulting in severe safety issues
for slope stability. To meet the real-world demand for extracting the remaining coal in open-pit coal
mines in China, it is urgent to conduct a feasibility evaluation of highwall mining in these areas.
This paper establishes a mathematical evaluation framework for assessing the feasibility of highwall
mining by summarizing a large number of engineering application cases globally and analyzing
various technical characteristics such as geological deposit conditions, mining techniques, and
technical equipment. The analytic hierarchy process (AHP), fuzzy comprehensive evaluation (FCE)
and variable weight theory (VWT) are utilized in conjunction to form this framework, which includes
four secondary indicators: geological deposit factors, mining technique factors, safety impact factors,
and economic evaluation factors, and 20 tertiary sub-indicators, along with their corresponding
characteristic values. The feasibility sub-set is divided into four categories: infeasible, basically
feasible, relatively feasible, and highly feasible, and the values of the sub-indicators strictly follow and
represent these four levels of feasibility. Weight vectors for the sub-indicators are obtained through a
judgment matrix established within the mathematical evaluation framework. The fuzzy relationship
matrix of the sub-indicators is constructed using fuzzy mathematical membership functions, and
the final feasibility evaluation is determined through two-level comprehensive evaluation. The
accuracy of the model is verified using the characteristic parameters of open-pit coal mines under
two different conditions (JZT coal mine in Inner Mongolia, China, and GC coal mine in Australia).
The results demonstrate that the maximum evaluation membership degree for the JZT mine is 0.7113,
belonging to the “highly feasible” level, while the GC mine is 0.3304, belonging to the “basically
feasible” level, which aligns well with real-world usage, proving that the evaluation model can
effectively reveal the performance and membership degree of each indicator in different application
cases. By quantitatively characterizing the feasibility level of highwall mining technology under
different application conditions, this evaluation model can provide scientific guidance for coal mining
enterprises to introduce CHM for highwall mining operation in open-pit coal mines.

Keywords: highwall mining; analytic hierarchy process (AHP); fuzzy comprehensive evaluation (FCE);
variable weight theory (VWT); feasibility evaluation
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1. Introduction

Coal has been a long-term mainstay energy source in China, with the country currently
having over 420 open-pit coal mines and a production output of about 950 million tons,
making open-pit mining one of the significant coal extraction methods in China [1]. Due to
limitations in mining technique and safety factors, a significant amount of coal cannot be
effectively extracted after open-pit mining, resulting in the waste of coal resources as these
coal seams become buried again under backfill [2,3]. Highwall mining operation employs
CHM to conduct exploratory mining on residual coal seams at the highwall, ensuring slope
safety and control over the overlying rock layer by pre-reserving supporting coal pillars
between mining roadways. The entire system operates remotely outside the mine, without
the need for personnel to enter the mining area, highlighting its features of high intelligence,
simplified operation, high production efficiency, and low infrastructure investment. It has
been fully promoted and applied in countries such as the United States, Australia, and
India, proving to be a safe, efficient, economical, and environmentally friendly highwall
coal extraction technology [4–6].

Statistics show that the maximum mining depth reached by overseas highwall mining
technology is 500 m, with the highest monthly output reaching 124,000 tons. Coal mined
using highwall mining machines in the United States accounts for about 4% of the country’s
total annual coal production [7–9]. However, due to varying conditions in different mines,
highwall mining technology has experienced several incidents of platform instability,
landslides, and significant roof collapses in practical application [10–12]. Existing case
studies indicate that the feasibility of highwall mining in open-pit mining areas is subject to
geological condition, mining techniques, and other factors. If the conditions do not match,
the application of highwall mining technology may lead to the equipment being buried
under collapsed coal–rock masses, making it impossible to retrieve and posing significant
risks to slope safety. At present, the recovery of highwall coal in open-pit coal mines in
China using highwall mining technology is still in its initial stage, and the decision to use
highwall mining technology often relies on empirical judgments based on engineering
analogy. Given the significant number of open-pit coal mines in China and the pressing
need to extract the remaining highwall coal, it is urgent to conduct feasibility studies on
highwall mining technology for this purpose. Luo et al. [13] conducted research on the
Hequ Open-Pit Coal Mine as a study subject. Based on the limit equilibrium method and
finite element strength reduction method, they investigated the slope stability under various
highwall mining schemes and calculated the potential economic benefits. Wang et al. [14]
took a certain open-pit mine in Xinjiang as the research object, analyzing the slope stability
coefficient under different highwall mining technologies. The aforementioned literature
indicates that existing research mainly focuses on the safety and economic feasibility
evaluation of highwall mining in specific open-pit mines, being unable to provide a general
and comprehensive feasibility assessment of highwall mining technology and unable to
offer scientific guidance for decision making in highwall coal recovery using highwall
mining technology.

According to domestic and international engineering experience, by establishing the
AHP-FCE model, the influencing factors of applying highwall mining technology are hier-
archically and indexically analyzed, and its results are transformed into weight values to
judge the space to which it belongs [15–17]. This method provides a new idea and solution
for the feasibility evaluation of highwall mining technology. In recent years, evaluation
methods using fuzzy mathematics have been applied in many areas of coal mine produc-
tion. Duan et al. [18] selected nine evaluation indicators from economic, technological,
and safety aspects to establish a hierarchical evaluation system, determining each index
value. Using the AHP-TOPSIS method, they performed an optimal evaluation of the steep
slope plan in the eastern part of Anjialing Open-Pit Mine, proposing the best plan for
steep slope mining in the first mining area of Anjialing Mine. Ma et al. [19,20], based on
geological structure, coal seam occurrence, roadway characteristics, and mining safety
elements, established a multi-factor feasibility evaluation index system and quantified the
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range of each index value. And, using fuzzy mathematics, the analytic hierarchy process,
and variable weight fuzzy theory, they achieved the adaptability evaluation of residual
coal mining and bolter miners. Zhang et al. [21] proposed an evaluation index for the
adaptability of intelligent mining working faces, consisting of four primary influencing
factors and 16 secondary influencing factors including geological conditions, mining tech-
nical conditions, key technical conditions, and management and security conditions. Yu
et al. [22] built an evaluation model for the adaptability of intelligent integrated mining
through the analytic hierarchy process and evaluated the mining efficiency and safety
aspects. In summary, mathematical fuzzy evaluations in the field of open-pit coal highwall
mining feasibility are relatively rare.

Addressing the issue that existing research struggles to provide a general, applicable,
and comprehensive evaluation system for the feasibility evaluation of highwall mining, and
analogy judgments based on engineering experience often lead to decision-making errors
and equipment incompatibility with mine conditions, the authors summarize a large num-
ber of engineering application cases globally, and by thoroughly analyzing the technical
characteristics such as mine occurrence conditions and mining processes, a mathematical
evaluation framework system for combining the AHP-FCE-VWT method is proposed. The
system includes four secondary indicators: geological deposit factors, mining technique fac-
tors, safety impact factors, and economic evaluation factors. It also defines and determines
20 tertiary sub-indicators and the corresponding characteristic value conditions for these
sub-indicators. Through the established mathematical evaluation framework, a judgment
matrix is formulated to derive the weight vector of the sub-indicators. By utilizing the
membership function of fuzzy mathematics, this relationship matrix of the sub-indicators
is constructed. After two levels of comprehensive judgment, the final feasibility evaluation
result is determined. The authors import the constructed mathematical evaluation model
for the feasibility of highwall mining with two engineering cases to verify the accuracy of
the model. The results show that the comprehensive evaluation model constructed in this
paper presents good membership for different commentary subsets, and the evaluation
results have a good fit with the actual field practice effects, which offers a preliminary
quantitative analysis method for making decisions on whether open-pit coal mines should
adopt highwall mining equipment for highwall coal recovery.

2. Preliminaries
2.1. Technical Characteristics of Highwall Mining

The continuous highwall miner system (CHM) designed by Shanxi Tiandi Coal Ma-
chinery Co., Ltd. mainly includes a continuous highwall miner, multi-unit continuous
conveyor belt system, stepping walking platform, pull-out ventilation and dust removal
system, mobile unloading section, remote control system, and navigation and posture
monitoring systems, as shown in Figure 1. During highwall mining operations, it is nec-
essary to support the overlying rock layers by reserving coal pillars between the mining
roadways, ensuring the stability of the slope [23]. Daily operators of highwall mining
do not need to enter the mining roadways. All operations are carried out in the central
control room outside the roadway, with personnel relying on the video acquisition devices
placed at the front of the continuous highwall miner for coal cutting operations, forming
a group of mining roadways perpendicular to the direction of the slope. The continuous
highwall miner uses an inertial navigation system, cutting forward 12.5 m each time and
connecting one section of the multi-unit continuous conveyor belt system until reaching
the maximum mining depth of the roadway. After mining is finished, the walking platform
drags the highwall miner and conveyor belt system out and successively separates the
multi-unit continuous conveyor belt, waiting for all equipment to be dragged out of the
mining roadway and moved to the next mining roadway by the stepping walking platform,
for the next cycle of mining operations.
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Figure 1. Continuous highwall miner system (CHM) in open-pit coal mine. 1. continuous highwall
miner; 2. multi-unit continuous conveyor belt system; 3. stepping walking platform; 4. pull-out
ventilation and dust removal system; 5. mobile unloading section.

2.2. Evaluation Method Selection

The analytic hierarchy process (AHP) is a system analysis and decision-making method
combining both qualitative and quantitative aspects. It applies the systems in consideration
of decomposition followed by integration, breaking down complex problems into various
levels and the corresponding influencing factors, forming an ordered recursive hierarchical
structure [24]. Through pairwise comparison between factors, the relative weights of
each factor to the upper level factors are determined, forming a judgment matrix with
corresponding quantitative scale values. The final importance ranking of the lowest-level
evaluation factors to the overall objective can be obtained through the synthesis within the
hierarchical structure using quantitative data.

Fuzzy comprehensive evaluation (FCE) is an overall evaluation method for processes
affected by multiple evaluation factors, characterized by the fuzziness of the evaluation
factors, which are difficult to express with simple quantitative values.

The feasibility of highwall mining in open-pit coal mine is influenced by many factors,
making it difficult to evaluate simply with quantitative values. As can be seen from the
above analysis, AHP is not suitable for solving problems with many lowest-level factors.
When there are too many influencing factors, AHP is cumbersome and consistency checking
is difficult, while FCE does not provide a calculation method for the importance weight of
evaluation factors [25]. Combining AHP with FCE can fully utilize the advantages of each.
That is, by building a multi-level model through AHP and constructing a fuzzy judgment
matrix from evaluation levels and influencing factors, and then using FCE to calculate
the membership of each factor to different levels, the final membership under different
schemes can be obtained. Compared with other single evaluation methods, this method
has the characteristic of being less affected by the index system, coefficient values, and
evaluation methods, and the evaluation result is more accurate.

Therefore, for the actual situation of the comprehensive evaluation of the feasibility
of highwall mining in this paper, the authors propose the combination of AHP and FCE
to construct a comprehensive evaluation model for the feasibility of highwall mining in
open-pit coal mine, and the determination of the review subset to which it belongs through
the maximum membership degree, thus achieving the feasibility evaluation.
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3. Feasibility Evaluation Model of Highwall Mining
3.1. Construction of Feasibility Evaluation Model
3.1.1. Construction of Evaluation Index System Based on AHP

Through field research and a literature review, the authors studied a large number
of domestic and international highwall mining application cases. Based on the AHP
method, a comprehensive evaluation index system for the feasibility of highwall mining
was established. The comprehensive evaluation system is divided into three levels: Level
A (objective layer), Level B (index layer), and Level C (sub-index layer). Level A is the
feasibility evaluation purpose of highwall mining in an open-pit coal mine. Level B
indicators mainly include four aspects: geological deposit factors (B1), mining technique
factors (B2), safety impact factors (B3), and economic evaluation factors (B4). Each type of
sub-index in Level C is the specification of the corresponding B-level indicators, totaling
20 items. The index system for the feasibility evaluation of highwall mining in open-pit
coal is shown in Figure 2.
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3.1.2. Quantification of Evaluation Indicators

The evaluation index system mainly serves to evaluate whether the highwall mining
in open-pit coal is feasible. As the evaluation results are fuzzy, according to the evaluation
level requirements, the conditional feasibility evaluation of the model is divided into four
levels, with the comment set V = {infeasible, basically feasible, relatively feasible, and
highly feasible}.

As can be seen from Figure 2, the feasibility evaluation index system for highwall
mining is divided into three levels: A, B, and C. Level B includes four influencing factors,
specifically geological deposit factors (B1), mining technique factors (B2), safety impact
factors (B3), and economic evaluation factors (B4). Among them, the geological deposit
factors (B1) include a total of 11 evaluation elements: C1−C11. The mining technique factors
(B2) include a total of four evaluation elements: C12−C15. The safety impact factors (B3)
mainly include three evaluation elements: C16−C18. And the economic evaluation factors
(B4) mainly include two evaluation elements: C19−C20. The quantified values of C-layer
indicators in different comment sets are shown in Table 1 below.

(1) Geological deposit factors

The evaluation indicators for geological deposit factors (B1) are overlying rock com-
prehensive evaluation coefficient (C1), direct roof strength of coal seam (C2), floor strength
of coal seam (C3), compressive strength of coal seam (C4), dip angle of coal seam (C5),
burial depth of coal seam (C6), thickness of coal seam (C7), gas content of coal seam (C8),
groundwater coefficient (C9), gangue content of coal seam (C10), and continuity coefficient
of coal seam (C11).
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Table 1. Quantitative values of C-layer indicators in different comment sets.

NO. Name of Evaluation Element Unit Infeasible Basically Feasible Relatively
Feasible Highly Feasible JZT Coal Mine GC Coal Mine

1 Overlying rock comprehensive
evaluation coefficient C1

Constant >0.8 0.5~0.8 0.3~0.5 <0.3 0.47 0.78

2 Direct roof strength of coal seam C2 MPa <15 15~25 25~35 >35 35.8 16.2
3 Floor strength of coal seam C3 MPa <10 10~20 20~30 >30 25.6 14.1
4 Compressive strength of coal seam C4 MPa <10 10~20 20~30 >30 10.6 4.3
5 Dip angle of coal seam C5

◦ >16◦ 10◦~16◦ 4◦~10◦ <4◦ 5 3
6 Burial depth of coal seam C6 m ≥600 400~600 250~400 ≤250 170 40
7 Thickness of coal seam C7 m ≤1.5 1.5~3 3~5 ≥5 4.43 4
8 Gas content of coal seam C8 m3/t >10 5~10 0.1~5 <0.1 0.09 0.05
9 Groundwater coefficient C9 m3/t >20 10~20 1~10 <1 0.7 0.3
10 Gangue content of coal seam C10 % >30 15~30 5~15 <5 11.62 16.3
11 Continuity coefficient of coal seam C11 Constant <0.7 0.7~0.8 0.8~0.9 >0.9 0.88 0.75
12 Mining height in roadway C12 m <1.5 1.5~3 3~5 >5 4.4 4
13 Mining depth in roadway C13 m >500 400~500 300~400 <300 150 200
14 Slope of roadway C14

◦ <−15◦ −15◦~−7◦ −7◦~−4◦ >−4◦ −2 −1.5
15 Width of support coal pillar C15 m <3 3~4 4~5 >5 4.1 4.36
16 Safety coefficient of slope stability C16 Constant <1.1 1.1~1.2 1.2~1.3 >1.3 1.259 1.3
17 Subsidence coefficient of overburden C17 Constant <0.2 0.2~0.5 0.5~0.8 >0.8 0.6 0.35
18 Blasting disturbance coefficient C18 Constant >0.85 0.5~0.85 0.25~0.5 <0.25 0.2 0.33
19 Minable reserves C19 10kt <50 50~80 80~100 >100 459.55 215.3
20 Recovery rate C20 % ≥65 55~65 45~55 ≤45 42.25% 44.5%
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The overlying rock comprehensive evaluation coefficient (C1) reflects the soft and hard
degree of the top plate coal wall in the highwall mining field. The formula for calculating
the overlying rock comprehensive evaluation coefficient is as follows [26]:

P =

n
∑
1

miQi

n
∑
1

mi

(1)

where mi represents the thickness of the stratified overburden and Qi is the lithological eval-
uation coefficient of the stratified overburden, with data primarily obtained by calculating
the columnar diagram of the mining area’s bottom layer.

(2) Mining technique factors

The evaluation indicators for mining technique factors (B2) are mining height in
roadway (C12), mining depth in roadway (C13), slope of roadway (C14), and width of
support coal pillar (C15). Since the EML340 continuous highwall miner developed by
Shanxi Tiandi Coal Machinery Co., Ltd. (Shanxi, China) has a cutting drum width of 3.3 m,
the mining width element is not considered this time. Numerous studies have shown that
mining depth, the width of the support coal pillar, and other mining technological elements
have a significant impact on the stability of the highwall mining slope [27–29].

(3) Safety impact factors

The evaluation indicators for safety impact factors (B3) are safety coefficient of slope
stability (C16), subsidence coefficient of overburden (C17), and blasting disturbance coeffi-
cient (C18). Based on the actual working conditions of highwall mining, the recommended
safety coefficient of slope stability (C16) is ≥1.20 [30]. The subsidence coefficient of over-
burden (C17) refers to the ratio of rock layer subsidence caused by overburden pressure to
overburden thickness. Considering the surface geological features, the higher the allowable
subsidence coefficient of overburden, the higher the feasibility of highwall mining. As
the blasting shock wave acts on the support coal pillar in the open-pit mining area, the
instantaneous dynamic stress response generated will weaken the strength of the support
coal pillar, thereby endangering the safety of the slope, hence the use of the blasting distur-
bance coefficient (C18) to describe the disturbance of the blasting seismic waves to highwall
mining [31].

(4) Economic evaluation factors

The evaluation indicators for economic evaluation factors (B4) are minable reserves
(C19) and recovery rate (C20). When the coal seam reserves are low, choosing highwall
mining technology does not make economic sense. Generally, highwall mining processes
need to reserve support coal pillars and permanent isolation coal pillars to ensure slope
safety. The larger the recovery rate, the better the economic benefits. The formula for
calculating the recovery rate is as follows [32]:

Q =

[
L1 × (n + 1)

(L1 × (n + 1) + L2 × n + L3)

]
× S (2)

where Q represents the highwall recovery rate, L1 represents the mining width, L2 repre-
sents the width of the support coal pillar, L3 represents the width of the permanent isolation
coal pillar, n represents the number of support coal pillars, and S represents the loss of coal
seam thickness due to mining with the highwall miner.

3.1.3. Determination of Membership Function

In fuzzy mathematics, the membership function describes the fuzzy distribution of
the target evaluation factors in a fuzzy set. In specific applications, it is often necessary
to process the original values of various indicators using the membership function and
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calculate the degree of membership, that is, unify the values of different dimensions to the
membership degree in the [0, 1] interval. Therefore, the sum of the degrees of membership
of each indicator in various comment sets is 1. The commonly used fuzzy distributions
include the small-type fuzzy distribution, large-type fuzzy distribution, and medium-type
fuzzy distribution, each suitable for describing fuzzy sets leaning toward small, large,
and medium values, respectively. The membership functions in the fuzzy function are
divided into two major types based on curve type: linear and non-linear. The former
includes rectangles, triangles, trapezoids, etc., and the latter includes k-order parabolas,
T-distributions, normal distributions, Cauchy distributions, etc. [33]. This article uses the
relatively simple-to-calculate trapezoidal distribution, the expression of its membership
function is as follows, and the function image is shown in Figure 3.

Electronics 2023, 12, x FOR PEER REVIEW 8 of 19 
 

 

3.1.3. Determination of Membership Function 
In fuzzy mathematics, the membership function describes the fuzzy distribution of 

the target evaluation factors in a fuzzy set. In specific applications, it is often necessary 
to process the original values of various indicators using the membership function and 
calculate the degree of membership, that is, unify the values of different dimensions to 
the membership degree in the [0, 1] interval. Therefore, the sum of the degrees of mem-
bership of each indicator in various comment sets is 1. The commonly used fuzzy distri-
butions include the small-type fuzzy distribution, large-type fuzzy distribution, and 
medium-type fuzzy distribution, each suitable for describing fuzzy sets leaning toward 
small, large, and medium values, respectively. The membership functions in the fuzzy 
function are divided into two major types based on curve type: linear and non-linear. 
The former includes rectangles, triangles, trapezoids, etc., and the latter includes k-order 
parabolas, T-distributions, normal distributions, Cauchy distributions, etc. [33]. This ar-
ticle uses the relatively simple-to-calculate trapezoidal distribution, the expression of its 
membership function is as follows, and the function image is shown in Figure 3. 
(1) Small-type: 

~

1,

( ) ,

0,

x a
b xA x a x b
b a

x b

≤
 −= < < −

≥

 (3)

(2) Medium-type: 

~

,

1,
( )

,

0,

x a a x b
b a

b x c
A x

d x c x d
d c

x d

− < < −
≤ ≤=  − < <

 −
 ≥  

(4)

(3) Large-type: 

~

0,

( ) ,

1,

x a
x aA x a x b
b a

x b

≤
 −= < < −

≥

 (5)

 
Figure 3. Membership function of trapezoidal distribution. 

Based on the quantitative intervals of the C-level indicators in different evaluation 
levels in Table 1 and combined with the application cases of highwall mining engineer-
ing practices globally, the membership functions of each indicator are constructed. Due 
to space limitations, only the membership function of B1 is listed, as shown in Table 2. 

Figure 3. Membership function of trapezoidal distribution.

(1) Small-type:

A
∼
(x) =


1, x ≤ a

b − x
b − a

, a < x < b

0, x ≥ b

(3)

(2) Medium-type:

A
∼
(x) =



x − a
b − a

, a < x < b

1, b ≤ x ≤ c
d − x
d − c

, c < x < d

0, x ≥ d

(4)

(3) Large-type:

A
∼
(x) =


0, x ≤ a

x − a
b − a

, a < x < b

1, x ≥ b

(5)

Based on the quantitative intervals of the C-level indicators in different evaluation
levels in Table 1 and combined with the application cases of highwall mining engineering
practices globally, the membership functions of each indicator are constructed. Due to
space limitations, only the membership function of B1 is listed, as shown in Table 2. Since a
trapezoidal membership function is used, a situation where the indicator value is 0 might
occur, leading to an inability to calculate. To avoid the aforementioned situation, a common
method is to take a smaller value as a substitute and accordingly subtract this value from
other non-zero memberships, ensuring that the sum of the membership degrees of all
indicators is 1. For convenience, this value is taken as 0.0001 [34,35].
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3.2. Determination of Weight Vector for Indicator Layer
3.2.1. Construction of the Judgment Matrix

Using the AHP method, the authors constructed the judgment matrix based on the indicator
system built in Figure 2. Taking the B1 layer as an example, the specific method is to arrange
the 11 C-level indicators belonging to the B1 layer in sequence in the first row and the first
column to construct the initial square matrix. Each value in the matrix is assigned by the
scale of importance, that is, two factors are compared pairwise to determine their relative
importance and represented by suitable scale values, typically using 1–9 and its reciprocals as
scale values. The authors, based on a large number of domestic and international side-slope
mining application cases, constructed the judgment matrices as follows:

AB−A =


1 5 1/3 7

1/5 1 1/5 3
3 5 1 7

1/7 1/3 1/7 1



BC−B1 =



1 3 5 5 3 5 5 3 3 7 2
1/3 1 3 4 1/3 3 4 1/3 1/3 3 1/3
1/5 1/3 1 1/3 1/5 1/3 2 1/5 1/3 2 1/5
1/5 1/4 3 1 1/5 3 5 1/3 1/3 5 1/3
1/3 3 5 5 1 3 5 1/2 1/3 5 2
1/5 1/3 3 1/3 1/3 1 3 1/3 1/2 3 1/3
1/5 1/4 1/2 1/5 1/5 1/3 1 1/3 1/5 2 1/3
1/3 3 5 3 2 3 3 1 2 5 1
1/5 3 3 3 3 2 5 1/2 1 5 1
1/7 1/3 1/2 1/5 1/5 1/3 1/2 1/5 1/5 1 1/5
1/2 3 5 3 1/2 3 3 1 1 5 1



BC−B2 =


1 3 5 1/3

1/3 1 2 1/3
1/5 1/2 1 1/5

3 3 5 1


BC−B3 =

 1 5 1
1/5 1 3

1 1/3 1


BC−B4 =

[
1 3

1/3 1

]
3.2.2. Consistency Test of the Judgment Matrix

A chaotic judgment matrix may lead to decision-making errors, necessitating a consistency
test of the judgment matrix to ensure the reliability of subsequent ranking and decision making.
The purpose of the consistency test is to prevent logical errors such as “A is extremely more
important than B, B is extremely more important than C, and C is extremely more important
than A”. If the matrix fails the consistency test, it should be readjusted until it meets the
conditions [36]. The steps for the consistency test are as follows:

(1) Calculation of consistency index CI:

CI =
λmax − n

n − 1
(6)

where λmax is the largest eigenvalue of the judgment matrix and n is the order of the matrix.
The calculation results of the consistency index for the above judgment matrix are shown
in Table 3.
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Table 2. Membership functions of each sub-indicator of geological occurrence elements.

No. Evaluation Index Infeasible Basically Feasible Relatively Feasible Highly Feasible

1 Overlying rock comprehensive evaluation
coefficient C1


0, x > 0.8

0.8−x
0.8−0.5 , 0.5 < x ≤ 0.8
x−0.4

0.5−0.4 , 0.4 ≤ x ≤ 0.5
0, x < 0.4




0, x > 0.8
0.8−x

0.8−0.5 , 0.5 < x ≤ 0.8
x−0.4

0.5−0.4 , 0.4 ≤ x ≤ 0.5
0, x < 0.4




0, x > 0.5
0.5−x

0.5−0.4 , 0.4 ≤ x ≤ 0.5
x−0.3

0.4−0.3 , 0.3 ≤ x < 0.4
0, x < 0.3




0, x > 0.5
0.5−x

0.5−0.4 , 0.4 < x ≤ 0.5
1, x ≤ 0.4


2 Direct roof strength of coal seam C2


1, x < 15
25−x
25−15 , 15 ≤ x ≤ 25
0, x > 25




0, x < 15
x−15

25−15 , 15 ≤ x < 25
30−x
30−25 , 25 ≤ x ≤ 30
0, x > 30




0, x < 25
x−25

30−25 , 25 ≤ x < 30
35−x
35−30 , 30 ≤ x ≤ 35
0, x > 35




0, x < 30
x−30

35−30 , 30 ≤ x ≤ 35
1, x > 35


3 Floor strength of coal seam C3


1, x < 10
20−x
20−10 , 10 ≤ x ≤ 20
0, x > 20




0, x < 10
x−10

20−10 , 10 ≤ x < 20
25−x
25−20 , 20 ≤ x ≤ 25
0, x > 25




0, x < 20
x−20

25−20 , 20 ≤ x < 25
30−x
30−25 , 25 ≤ x ≤ 30
0, x > 30




0, x < 25
x−25

30−25 , 25 ≤ x ≤ 30
1, x > 30


4 Compressive strength of coal seam C4


1, x < 10
20−x
20−10 , 10 ≤ x ≤ 20
0, x > 20




0, x < 10
x−10

20−10 , 10 ≤ x < 20
25−x
25−20 , 20 ≤ x ≤ 25
0, x > 25




0, x < 20
x−20

25−20 , 20 ≤ x < 25
30−x
30−25 , 25 ≤ x ≤ 30
0, x > 30




0, x < 25
x−25

30−25 , 25 ≤ x ≤ 30
1, x > 30


5 Dip angle of coal seam C5


1, x > 16
x−10

16−10 , 10 ≤ x ≤ 16
0, x < 10




0, x > 16
16−x
16−10 , 10 < x ≤ 16
x−7

10−7 , 7 ≤ x ≤ 10
0, x < 7




0, x > 10
10−x
10−7 , 7 < x ≤ 10
x−4
7−4 , 4 ≤ x ≤ 7
0, x < 4




0, x > 7
7−x
7−4 , 4 < x ≤ 7
1, x ≤ 4


6 Burial depth of coal seam C6


1, x > 600

x−400
600−400 , 400 ≤ x ≤ 600
0, x < 400




0, x > 600
600−x

600−400 , 400 < x ≤ 600
x−400

400−325 , 325 ≤ x ≤ 400
0, x < 325




0, x > 400
400−x

400−325 , 325 < x ≤ 400
x−250

325−250 , 250 ≤ x ≤ 325
0, x < 250




0, x > 325
325−x

325−250 , 250 ≤ x ≤ 325
1, x < 250


7 Thickness of coal seam C7


1, x ≤ 1.5

3−x
3−1.5 , 1.5 < x ≤ 3
0, x > 3




0, x ≤ 1.5
x−1.5
3−1.5 , 1.5 < x < 3
4−x
4−3 , 3 ≤ x ≤ 4
0, x > 4




0, x < 3
x−3
4−3 , 3 ≤ x < 4
5−x
5−4 , 4 ≤ x ≤ 5
0, x > 5




0, x < 4
x−4
5−4 , 4 ≤ x < 5
1, x ≥ 5


8 Gas content of coal seam C8


1, x > 10
x−5

10−5 , 5 ≤ x ≤ 10
0, x < 5




0, x > 10
10−x
10−5 , 5 < x ≤ 10
x−3
5−3 , 3 ≤ x ≤ 5
0, x < 3




0, x > 5
5−x
5−3 , 3 ≤ x ≤ 5
x−0.1
3−0.1 , 0.1 ≤ x < 3
0, x < 0.1




0, x > 3
3−x

3−0.1 , 0.1 < x ≤ 3
1, x ≤ 0.1


9 Groundwater coefficient C9


1, x > 20
x−10

20−10 , 10 ≤ x ≤ 20
0, x < 10




0, x > 20
20−x
20−10 , 10 < x ≤ 20
x−5

10−5 , 5 ≤ x ≤ 10
0, x < 5




0, x > 10
10−x
10−5 , 5 ≤ x ≤ 10
x−1
5−1 , 1 ≤ x < 5
0, x < 1




0, x > 5
5−x
5−1 , 1 ≤ x ≤ 5
1, x < 1


10 Gangue content in coal seam C10


1, x > 30
x−15

30−15 , 15 ≤ x ≤ 30
0, x < 15




0, x > 30
30−x
30−15 , 15 < x ≤ 30
x−10

15−10 , 10 ≤ x ≤ 15
0, x < 10




0, x > 15
15−x
15−10 , 10 ≤ x ≤ 15
x−5

10−5 , 5 ≤ x < 10
0, x < 5




0, x > 10
10−x
10−5 , 5 ≤ x ≤ 10
1, x < 5


11 Continuity coefficient of coal seam C11


1, x < 0.7

0.8−x
0.8−0.7 , 0.7 ≤ x ≤ 0.8
0, x > 0.8




0, x < 0.7
x−0.7

0.8−0.7 , 0.7 ≤ x < 0.8
0.85−x

0.85−0.8 , 0.8 ≤ x ≤ 0.85
0, x > 0.85




0, x < 0.8
x−0.8

0.85−0.8 , 0.8 ≤ x < 0.85
0.9−x

0.9−0.85 , 0.85 ≤ x ≤ 0.9
0, x > 0.9




0, x < 0.85
x−0.85

0.9−0.85 , 0.85 ≤ x ≤ 0.9
1, x > 0.9


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Table 3. The calculation results of the consistency index.

Judgment Matrix AB−A BC−B1 BC−B2 BC−B3 BC−B4

The largest eigenvalue λmax 4.1983 12.1775 4.0328 3.0649 2
The order of the matrix n 4 11 4 3 2

CI 0.0661 0.11775 0.01093 0.03245 0

(2) Calculation of Consistency Ratio (CR)

When the value of CR is less than 0.1, it is considered that the judgment matrix has
passed the consistency check. Otherwise, the judgment matrix needs to be adjusted until
the conditions are met.

CR =
CI
RI

(7)

where RI is the average random consistency index, which is related to the order of the
judgment matrix. The values of RI and the calculation results of the CR are shown in
Table 4.

Table 4. Values of RI and calculation results of CR.

Judgment Matrix AB−A BC−B1 BC−B2 BC−B3 BC−B4

The order of the matrix n 4 11 4 3 2
RI 0.90 1.51 0.90 0.58 0
CR 0.07344 0.07798 0.01214 0.05594 0

As shown in Table 4, all the CR values of the judgment matrices are less than 0.1,
all passing the consistency check, proving that the constructed judgment matrices are
reasonable and reliable, with satisfactory consistency.

3.2.3. Single-Level Weight Vector

Based on the judgment matrix, we can calculate the importance ranking of the lower-
level factors to the upper-level factors. This article uses the eigenvalue method [37], that
is, calculating the eigenvalues and eigenvectors of the judgment matrix. The eigenvector
corresponding to the largest eigenvalue is normalized as the weight vector.

Using Matlab R2022b software, the initial weight vectors of the index layer elements
relative to the target layer indices can be calculated as

VB−A = [0.3109 0.0975 0.5437 0.0479]

VB1−C =
[0.2310 0.0773 0.0282 0.0592 0.1297 0.0450
0.0253 0.1402 0.1279 0.0193 0.1169]

VB2−C = [0.2893 0.1294 0.0711 0.5102]

VB3−C = [0.7306 0.1884 0.0810]

VB4−C = [0.75 0.25]

To avoid the unreasonable impact caused by the internal discrepancies among various
indicators in the constant weight model, variable weight theory (VWT) [38,39] is introduced
to integrate the status values of each indicator. The core idea is that the weight of the
indicators can change with the change in the variable weight values. Considering the
possibility of an excessive membership degree for some factors belonging to the lowest
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language level in the feasibility evaluation in the fuzzy matrix obtained according to the
membership function, it is believed that their factor status needs adjustment. This paper
adopts the method of performing the Hadamard product and normalization on the initial
weight vector and the status vector for adjustment. In this paper, the maximum membership
degree is stipulated to be no more than 0.4. The calculation formula for the state impact
vector is as follows [40]:

Sj(µ) =

{
2 − log

µ(xj)

bj
µ(xj > bj)

1 µ(xj ≤ bj)
(8)

where bj is the adjustment level and Sj(µ) is state impact vector.
The formula for the variable weight objective weight vector Wj is as follows:

Wj =
Aj · S(µ)

n
∑

j=1
(AjSj(µ))

(9)

where Aj represents the initial weight vector.

3.3. Comprehensive Evaluation and Decision Making

The hierarchical sorting results are synthesized to obtain the weight vector of the
sub-index layer to the overall goal. The basic steps are to calculate the sorting weights of
the lower-level elements to the overall goal from the bottom up, layer by layer. Finally, we
can recursively calculate the weight vector of the lowest level elements to the overall goal
and use this as the basis for decision making.

The comprehensive evaluation result is Y, and the calculation process is as follows:

Y = W · R (10)

where W represents the comprehensive objective weight vector and R is the fuzzy rela-
tion matrix.

4. Feasibility Evaluation Validation of Engineering Cases

In Inner Mongolia, China, the JZT coal mine adopted the CHM from the Shanxi Tiandi
Coal Machinery Co., Ltd. for an engineering practice in highwall coal recovery. The GC
coal mine in Australia utilized the CHM from SHM for highwall mining operations [41].
Based on the actual conditions of the two mining areas, the quantified values for each
indicator in layer C were determined, with indicator values as shown in Table 1. According
to the mathematical model for evaluating the feasibility of highwall mining established in
this paper, a comprehensive feasibility evaluation was conducted separately for the two
mining areas.

4.1. Feasibility Evaluation of JZT Open-Pit Mine in Inner Mongolia, China

I. Level I comprehensive fuzzy evaluation

i. Comprehensive fuzzy evaluation vector of geological deposit factor B1

(1) Constant weight comprehensive coefficient.

VB1−C =
[0.2310 0.0773 0.0282 0.0592 0.1297 0.0450
0.0253 0.1402 0.1279 0.0193 0.1169]
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(2) Construct a fuzzy relation matrix according to the membership function.

RC−B1 =



0.0001 0.6998 0.2998 0.0001
0.0001 0.0001 0.0001 0.9997
0.0001 0.0001 0.8799 0.1199
0.9399 0.0599 0.0001 0.0001
0.0001 0.0001 0.3333 0.6665
0.0001 0.0001 0.0001 0.9997
0.0001 0.0001 0.5699 0.4299
0.0001 0.0001 0.0001 0.9997
0.0001 0.0001 0.0001 0.9997
0.0001 0.3299 0.6759 0.0001
0.0001 0.0001 0.3999 0.5999


(3) According to the fuzzy relation matrix, it is found that the lowest

evaluation level of C5 is higher than 0.4. Therefore, calculate its status
impact vector according to Formula (8).

SC−B1 = [ 1 1 1 1 1.9485 1 1 1 1 1 1 ]

(4) Calculate its variable weight vector according to Formula (9).

WC−B1 =
[0.2057 0.0688 0.0251 0.0527 0.1155 0.0401
0.0225 0.1248 0.1139 0.0172 0.1041]

(5) Determine the final comprehensive fuzzy evaluation vector according
to Formula (10).

YC−B1 = WC−B1 · RC−B1 =
[
0.0496 0.1528 0.1884 0.4997

]
ii. Comprehensive fuzzy evaluation vector of mining technique factor B2

(1) Determine the initial weight vector of the comprehensive evaluation
index system.

YC−B1 = WC−B1 · RC−B1 =
[
0.0496 0.1528 0.1884 0.4997

]
(2) Construct a fuzzy relation matrix according to the membership func-

tion.

RC−B2 =


0.0001 0.0001 0.5999 0.3999
0.0001 0.0001 0.0001 0.9997
0.0001 0.0001 0.0001 0.9997
0.0001 0.7999 0.1999 0.0001


(3) According to the fuzzy relation matrix, there is no lowest level mem-

bership degree greater than 0.4. Determine the status impact vector
according to Formula (8).

SC−B2 =
[
1 1 1 1

]
(4) Obtain the comprehensive fuzzy evaluation vector according to For-

mula (9).

WC−B2 =
[
0.2893 0.1294 0.0711 0.5102

]
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(5) Determine the final comprehensive fuzzy evaluation vector according
to Formula (10).

YC−B2 = WC−B2 · RC−B2 =
[
0.0001 0.4082 0.2756 0.3162

]
iii. Comprehensive fuzzy evaluation vector of safety impact factor B3

Repeat calculation steps 1–5 to obtain the comprehensive fuzzy evaluation vector of
safety factor B3.

YC−B3 =
[
0.0001 0.0408 0.0814 0.8777

]
iv. Comprehensive fuzzy evaluation vector of economic evaluation factors B4

Repeat calculation steps 1–5 to obtain the comprehensive fuzzy evaluation vector of
economic evaluation factor B4.

YC−B4 =
[
0.0001 0.0001 0.0001 0.9997

]
II. Level II comprehensive fuzzy evaluation

(1) Determine the constant weight vector of the comprehensive evaluation in-
dex system.

VB−A =
[
0.3109 0.0975 0.5437 0.0479

]
(2) Construct a fuzzy relation matrix according to the comprehensive judgment

results of Level I.

RB−A =


0.0496 0.1528 0.1884 0.4997
0.0001 0.4082 0.2756 0.3162
0.0001 0.0408 0.0814 0.8777
0.0001 0.0001 0.0001 0.99997


(3) According to the fuzzy relation matrix, there is no lowest level membership

degree greater than 0.4. Determine the status impact vector according to
Formula (8).

SB−A =
[
1 1 1 1

]
(4) Obtain the comprehensive fuzzy evaluation vector according to Formula (9).

WB−A =
[
0.3109 0.0975 0.5437 0.0479

]
(5) Determine the final comprehensive fuzzy evaluation vector according to For-

mula (10).

YB−A = WB−A · RB−A =
[
0.0155 0.1095 0.1297 0.7113

]
It is known from the above that, according to the principle of evaluation member-

ship degree, the maximum evaluation membership degree value for JZT mine is 0.7113,
belonging to the “highly feasible” level.

In practical use, the Inner Mongolia JZT coal mine uses the EML340 CHM for mining
the 9# coal seam, as shown in Figure 4. The coal seam roof is medium-fine grained sandstone
with an average compressive strength of about 40 Mpa. The false roof is mudstone,
belonging to a weak-to-semi-hard rock layer, and the slope is stable. In the engineering
project, the equipment has been in operation for 6 months without any significant coal–rock
collapses affecting the machinery. The overall performance of the equipment has been
satisfactory, with over 300,000 tons of material excavated, resulting in significant economic
and societal benefits.
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4.2. Comprehensive Evaluation of GC Open-Pit Mine in Australia

The calculation of the fuzzy comprehensive evaluation of the Australian GC mine is
the same as the comprehensive evaluation process of the JZT coal mine. The comprehensive
fuzzy evaluation vector of the Australian GC mine can be calculated as follows.

Y’
B−A =

[
0.2614 0.3304 0.2026 0.2475

]
This implies that the maximum evaluation membership degree value for the Australian

GC mine is 0.3304, belonging to the “basically feasible” level.
The coal seam thickness of the Australian GC coal mine is between 2 and 3 m, and

the uniaxial compressive strength (UCS) of the coal seam is about 3.3 MPa. The roof is
a weak mudstone to medium-strength silty sandstone layer. During the mining process,
roof collapses occurred frequently, mainly manifested as delamination and plate-like block
detachment from cross-joints. According to statistics, due to frequent roof collapse accidents,
about 66% of the time is spent on equipment withdrawal and re-entry operations, and the
real-world application results are unsatisfactory.

In summary, through comparative analysis of the actual use of highwall mining in the
open-pit coal mine under the two different conditions mentioned above, it is demonstrated
that the feasibility evaluation model of highwall mining in the open-pit coal mine built in
this article is in good agreement with the actual application conditions, which proves the
evaluation model can effectively reveal the performance and membership degree of each
indicator under different commentary sets in application cases with significant differences
in mine conditions.

5. Conclusions

The application of highwall mining technology in open-pit mining areas requires
certain requirements such as geological conditions and mining processes. If the require-
ments are not met, it may result in the equipment becoming inoperable and potentially
cause slope instability issues. Regarding the current reliance on manual categorization
based on experience to determine the feasibility of highwall mining, this paper introduces
a novel feasibility assessment method. This method aims to offer a general applicable and
comprehensive approach to evaluating the feasibility of highwall mining, assisting coal
mine engineers in more conveniently quantifying the feasibility assessment. The major
conclusions include:

(1) This paper proposes a mathematical evaluation framework for combining the AHP-
FCE-VWT method to realize the feasibility evaluation for highwall mining in an
open-pit coal mine by thoroughly analyzing the technical characteristics, such as mine
occurrence conditions and mining processes. Based on a large number of field practice
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cases globally of highwall mining operation, four major indicators are established,
namely geological deposit factors, mining technique factors, safety impact factors,
and economic evaluation factors. In association with these, 20 sub-indicators and the
corresponding characteristic value conditions for these sub-indicators are constructed.

(2) The feasibility evaluation comment set can be categorized into four types, namely:
infeasible, basically feasible, relatively feasible, and highly feasible. The values of the
sub-indicators strictly follow and combine these four levels of feasibility characteriza-
tion. A judgment matrix is established through a mathematical evaluation framework
to derive the weight vector of the sub-indicators. Additionally, a fuzzy relationship
matrix of the sub-indicators is constructed using fuzzy mathematical membership
functions. Through a two-level comprehensive judgment and based on the principle
of maximum membership, the final feasibility membership degree can be calculated.

(3) This study validates the rationality of the feasibility evaluation model through two
real engineering cases of highwall mining in open-pit coal mines. Based on the actual
working conditions of two mines (JZT coal mine in Inner Mongolia, China, and GC
mine in Australia), their 20 sub-indicators are quantified and input into the feasibility
evaluation model for calculation. The calculated results show that the maximum
membership degree of the JZT coal mine is 0.7113, which is categorized as “highly
feasible”, while the feasibility membership degree of the GC coal mine is 0.3304, which
falls under “basically feasible”. An analysis of engineering practices confirms that the
results are consistent with real-world application scenarios.

The research results show that feasibility evaluation framework established in this pa-
per can effectively reveal the performance and membership degree of each indicator under
different evaluation sets in the case of significant differences in the two mine conditions,
aligning well with the actual on-site usage effects. Moreover, the established comprehen-
sive mathematical framework provides a systematic and objective basis for evaluating
the feasibility and effectiveness of highwall mining technology in open-pit coal mines.
The evaluation model quantitatively characterizes the feasibility level of highwall mining
technology under various technical conditions of open-pit coal mines. This enhances the
accuracy of the feasibility evaluation decision-making process, offers scientific guidance for
coal mines considering the adoption of highwall mining technology, and assists enterprises
in further improving mining efficiency and safety.

Due to constraints in time and resources, certain mining techniques, such as backfill
mining and layered extraction of thick coal seams, have not been fully incorporated into
the feasibility assessment criteria. Future research will aim to enrich the corresponding
index system, further enhancing the comprehensiveness and accuracy of the feasibility
evaluation for highwall mining.
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