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Abstract: The mining method optimization in subsea deep gold mines was studied. First, an index system for subsea mining method
selection was established based on technical feasibility, security status, economic benefit, and management complexity. Next, an
evaluation matrix containing crisp numbers and triangular fuzzy numbers (TFNs) was constructed to describe quantitative and
qualitative information simultaneously. Then, a hybrid model combining fuzzy theory and the Tomada de Decisdo Interativa
Multicritério (TODIM) method was proposed. Finally, the feasibility of the proposed approach was validated by an illustrative
example of selecting the optimal mining method in the Sanshandao Gold Mine (China). The robustness of this approach was
demonstrated through a sensitivity analysis. The results show that the proposed hybrid TODIM method is reliable and stable for
choosing the optimal mining method in subsea deep gold mines and provides references for mining method optimization in other

similar undersea mines.
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1 Introduction

With the substantial reduction of available land
resources, the exploitation of marine resources has
measurably increased [1]. Mineral resources in oceans
are mainly distributed in seawater, marine mud and
bedrock. In particular, plentiful mineral resources are
found in the bedrock near coastlines with many countries
interested in accessing them [2]. Selecting suitable
mining methods is one of the most important processes
in mining and directly influences the safety and
efficiency of the work. Problems may arise because of an
inappropriate mining method choice, such as inefficiency,
high production costs, and even water inrush disasters [3].
Mining methods must adapt for different mining depth.
When mining near the sea floor, due to water inrush
hazards, it is essential to retain enough pillars and
prevent roof damage [4]. In comparison, it is possible to
cancel pillars and change support measures for deep
mining because the mining disturbance on the waterproof
rock formation is diminished [5]. Moreover, owing to the
distinctiveness of subsea mining, the mining technology

used in land is not easily utilized directly. Hence, it is
significant to research mining method optimization in
subsea deep mines.

On the basis of statistics, more than 100 subsea coal
mines exist globally [6]. The history of subsea coal
mining is rich, long wall mining and room and pillar
mining methods are widely employed. In contrast, there
are relatively few subsea metal mines. Examples include
the Qajasalolcroix Iron Mine in Finland, Levent Tin
Mine in England, Dove Tungsten Mine in Australia, and
Sanshandao Gold Mine in China [4,6]. As the filling
material can restrict the deformation of the surrounding
rock, several filling methods are chief subsea mining
methods. Additionally, certain methods for mining under
rivers or reservoirs can be used for reference. However,
as conditions between mines vary, mining methods
cannot be used indiscriminately.

Many researchers regard mining method selection
as a multi-criterion decision making (MCDM) problem
because it is affected by multiple factors [7,8]. In the
process of mining method selection,
components are contained: the index system and decision
making method. It is essential to establish an index
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system first [9]. However, few researchers have
established an index system for subsea mining method
selection. LIU et al [10] selected 10 indicators in
consideration of the geologic conditions, technology,
economy and safety production in a subsea gold deposit.
Nevertheless, their index system does not reflect the
significant risk of water inrush with subsea bedrock
mining due to the disturbance to overlying rock
formations. This is an essential consideration for
optimizing subsea mining methods.

With regard to the decision making method,
BALUSA and SINGAM [7] combined wavelet packet
modulation (WPM) and the preference ranking
organization method for enrichment evaluations
(PROMETHEE) to select an applicable mining method
for a bauxite mine. LIU et al [10] considered a large
amount of uncertain information and proposed a mining
method optimization model based on unascertained
measurement theory. KARIMNIA and BAGLOO [11]
proposed a fuzzy analytic hierarchy process (FAHP)
approach to determine the most appropriate mining
method in the Qapiliq Salt Mine. KABWE [12] selected
the optimal mining method for Nchanga’s Upper
Orebody using an analytic hierarchy process (AHP) and
Yager’s method. Furthermore, SITORUS et al [13]
discussed the applications and trends of MCDM for the
choice problem in mining and mineral processing.
Nevertheless, the assessment values in these methods are
only expressed by crisp or fuzzy numbers, which cannot
indicate qualitative and quantitative information
simultaneously.

Generally, the qualitative indexes expressed using
the scoring method do not adequately reflect fuzzy
information. In this case, fuzzy theory can be
well-adopted to solve such ambiguous problems. For
convenience, the fuzzy information is often transformed
into triangular fuzzy numbers (TFNs) in the decision
making process [14]. Thus, many MCDM methods have
been combined with TFNs to solve fuzzy decision
making problems. For instance, DONG et al [15]
modified an analytic network process (ANP) with TFNs
to identify the key influencing factors in the power
generation market; OCAMPO [16] built a decision
model for manufacturing sustainability with an FAHP in
a triangular fuzzy environment; ZHAO et al [17]
assessed battery energy storage systems based on TFNs,
the best—worst method, and fuzzy-cumulative prospect
theory.

In addition to the above methods, the Tomada de
Decisdo Interativa Multicritério (TODIM) method was
presented by GOMES and LIMA [18] to rank
alternatives on the basis of prospect theory [19,20]. In
recent years, this method has been successfully modified
with various fuzzy sets to address realistic issues. For

example, JI et al [21] selected personnel by integrating
multi-valued neutrosophic numbers with the TODIM
method; BISWAS and SARKAR [22] proposed an
interval-valued Pythagorean fuzzy TODIM approach to
deal with multi-criteria group decision making problems;
ZHANG et al [23] evaluated water security by
employing TODIM with probabilistic linguistic term
sets. Considering the complexity of mining method
selection and the diversity of indicators, a hybrid
TODIM method for selecting the optimal mining method
is presented in this study.

The goal of this study is to propose an approach for
mining method optimization in subsea deep gold mines.
First, an evaluation index system for subsea mining
method selection is established. Then, a hybrid
methodology combining fuzzy theory and the TODIM
method is presented. Afterwards, the proposed
methodology is adopted to select the optimal mining
method in the Sanshandao Gold Mine, China. Finally, the
effectiveness and robustness of the approach is
demonstrated.

2 Evaluation index system

The index system is established in this section
according to the specific characteristics of subsea mining
methods. It is comprised of four criteria: technical
feasibility (B)), security status (B,), economic benefit
(B3), and management complexity (B4). The detailed
evaluation index system for subsea mining method
selection is shown in Fig. 1.

(1) Technical feasibility (B))

Due to the complex mining conditions, the selected
mining method should be feasible in the technical level
first [7]. Furthermore, because of variation in orebody
morphology, the method chosen must be strongly
adaptable. Thus, the sub-criteria of technical feasibility
include the degree of feasibility (B;;) and degree of
adaptability (B)5).

(2) Security status (B,)

There is a particularly high risk of water inrush in
subsea mining. Hence, it is essential that disturbances to
overlying rock formations should be minimized when
employing any mining method [5]. The safety of the
working surface also needs to be guaranteed, as it
directly affects the operation security [10]. Therefore, the
sub-criteria of security status include the degree of safety
of the working surface (B,)), ventilation conditions (B,,),
and degree of disturbance to the overlying rock
formation (By3).

(3) Economic benefit (B3)

The performance of a mining method should be
reflected in terms of economic benefit. That is to say,
high efficiency and low cost should be achieved with the
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Fig. 1 Evaluation index system for subsea mining method selection

optimal mining method [10]. Consequently, the
sub-criteria of economic benefit contain the mining
efficiency (B3;), mining cost (Bs;), ore loss rate (B3;3), and
ore dilution rate (Bsy).

(4) Management complexity (By)

As mining is a complex engineering system,
excellent manageability is required. More easily
managed systems generally are correlated to smoother
operations. Mining methods with less complexity in
process management are weighted higher [8].
Accordingly, the sub-criterion of management
complexity is the process complexity (B4).

3 Hybrid TODIM method

A hybrid model combining fuzzy theory and the
TODIM method is presented. The framework of this
hybrid TODIM method is illustrated in Fig. 2.

The specific steps of the hybrid TODIM model for
ranking mining methods are described as follows:

(1) Step 1: Establish initial evaluation matrix

For the comprehensive assessment of mining
methods, several sub-criteria, e.g., B3, B3, By; and Bsy,
can be denoted by quantitative values. Nevertheless,
sub-criteria with uncertain information including By, B,
By1, By, By and B, are more suitably denoted by
qualitative values. However, most decision makers are
accustomed to using linguistic phrases, such as “very

good”, “good”, “poor”, and so on [24]. In this study, the
linguistic terms were converted into TFNs according to
the transformation rule shown in Table 1 [25].

The triangular fuzzy number (TFN) § can be
denoted as a triplet § =[5, s*, s'], and the membership
function g (x) is represented as follows [26]:

0, x<s©

(0]
X—=S o) P
R s <x<s
s =S

(x)= 1
w0 =1" 7 )

—7
ST —SP

SP<X<ST

0, x>s'

where s° and s" are the lower and upper bounds of the
available area, respectively, and s°<s"<s.

Thus, the basic elements in the initial evaluation
matrix S are composed of crisp values and TFNs, which
are expressed as follows:

Sit Sz ot Sy St T S
s S Y s 5 e E
21 22 2r 2,r+1 2,n
s= 2 7 AT )
Sml Sm2 " S Sm,r+l Sm,n

where s; is a crisp value that represents the assessment
information of alternative 4; (i=1, 2, ***, m) relating to
objective sub-criterion B; (=1, 2, ==, r); §; ; isa TFN
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!
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—
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Fig. 2 Framework of hybrid TODIM method

Table 1 Transformation rule between linguistic terms and
TFNs

Linguistic term TFNs
Very poor (VP)/Very low (VL) (0.1,0.2,0.3)
Poor (P)/Low (L) 0.2,0.3,0.4)
Slightly poor (SP)/Slightly low (SL) (0.3,0.4,0.5)
Fair (F)/Medium (M) (0.4, 0.5, 0.6)
Slightly good (SG)/Slightly high (SH) (0.5,0.6,0.7)
Good (G)/High (H) (0.6,0.7,0.8)

Very good (VG)/Very high (VH) (0.7,0.8,0.9)

that represents the evaluation data of alternative 4; (i=1,
2, ---, m) with reference to subjective sub-criterion B;
G=r+1, rt2, *+-, n).

(2) Step 2: Standardize initial evaluation matrix

Because of the diverse dimensions and units of
criteria, standardizing the initial evaluation matrix is
necessary. For the performance evaluation of mining
methods, the sub-criteria include two types: benefit and
cost. As such, the initial decision matrix can be
normalized by Egs. (3)—(6) [25,27]:

For crisp numbers of the benefit sub-criteria, the
normalization value can be calculated by

zy=—"— 3)

For crisp numbers of the cost sub-criteria, the

Construct partial dominance materix

Calculate global value and
rank orders of alternatives

Fuzzy TODIM method
for ranking

normalization value can be calculated by

1/s;
2y =g @
Zl /s
i=1
For TFNs of the benefit sub-criteria, the
normalization value can be calculated by
5&04 sP . ZT .

O P _T
ij :[Zi,j’ Zijo Zi,j] =

P, S ] (5)

[ m T T m . > m o
Z Sij Z Sij Z Zij
i=1 i=1 i=1

N

For TFNs of the cost sub-criteria, the normalization
value can be calculated by

(6] P T
_ _[o T l/si’j l/sl-’j l/zi,j
Zij =LZ)s 2 Z 1=, * m >
T P (6]
Zl/s,"j Zl/si,j Zl/zi,/
i=1 i=1 i=1
(6)

Subsequently, the standardized evaluation matrix
can be obtained as follows:

D T A P W s S
Z Z Y Z E DY E
S 21 22 2r 2,r+l1 2,n
zZ =| . . . . . . . (7
Zml Zm2 T Zmr Zm,r+l Zm,n

To simplify the calculation, TFNs can be converted
into crisp numbers. CHEN and HSIEH [28] advanced the
graded mean integration representation method to
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transform TFNs into crisp numbers, and the
transformation rule is shown as follows:

(6] P T
zi 4z +2

H(Ei,j)z 6

®)

Accordingly, the ultimate standardized decision
matrix can be denoted as

D It 4y H(El,rﬂ) H(El,n)
z z ez, H(Z H(:z

7= ‘21 ?2 ) ?) ( :2,r+l) (:2,71) (9)
Zml Zm2 7 Zmr H(Zm,r-H) H(Em,n)

(3) Step 3: Determine index weight vector

In most cases, the importance of each index is not
equal. Therefore, an algorithm for weight determination
based on the superiority linguistic ratings is employed.
As given in Table 1, the importance of each sub-criterion
can be expressed using linguistic terms, like “very low”,
“low” and “high”, and these linguistic terms can be
converted into TFNs.

Suppose the superiority linguistic rating of
sub-criteria B; denoted by decision maker Dy (k=1, 2, ---,
e) is expressed as

W = (W Wi Wiy) (10)
Then, the aggregated fuzzy weight of all
professionals can be calculated by
w;=(1/e)@(W; ®-- D, @O w,) (11)
o) P
e Wy, e W,
where W, :(w?,wf,w}) R WJQ =Z—k, wf :Zi
' k=1 € T k=l €
¢ w
and wj = —.
k=1 €

Finally, the weight w; of each sub-criterion can be
normalized with

H(W,)

D HGw)
j

w. =

, (12)

(4) Step 4: Calculate dominance of each alternative
over other alternatives
First, the criterion with the largest weight value is
chosen as a reference criterion B;,. Subsequently, a partial
dominance matrix @.(4;, 4,) is built, which indicates the
superiority degree of alternative A; over alternative 4,
(p=1, 2, -+, m) under criterion B.. The final dominance
matrix &(4;, 4,) is then determined by summing all the
partial dominance matrices under each criterion.
The dominance matrix of alternative 4; over 4, is
calculated as follows:

Yie
n 'd(zicﬂzpc)’ Zic >ch

Z Wie
c=1

P(4,4,)=10, z;, =z, (13)
Zwlc
-1 <L d(z,,z,.), z.<z
0 W, ic*“pc)s “ic pc
8(4,4,)= $.(4;,4,) (14)
c=l

where w;. is the weight of criterion B, divided by the
weight of reference criterion B, (=1, 2, -+, r), i.e.,
wi=w./wy; 6 indicates the attenuation factor of the losses,
which can be adjusted in specific conditions; and
d(zi, z,c) represents the distance between z,. and z,,, i.e.,
d(zica ch):Zic_ch-

(5) Step 5: Select optimal alternative

The global value of each alternative is determined
by normalizing the final dominance matrix, and the
normalization equation is

D 8(4,4,)—min Y 5(4;,4,)
n=— - (15)
max Zé’(Ai,Ap)—min Zé‘(A- 4,)

79
p=l p=l

After the values of #; are determined, the ranking of
the alternatives can be obtained based on 7;. The higher
the value of 7;, the better the alternative.

4 Case study

4.1 Engineering background

The Sanshandao Gold Mine lies in Laizhou City
within Shandong Province of China and consists of three
districts: Xinli, Xishan, and Xiling. The Xinli district,
which occurs in the subsea bedrock of the Bohai Sea, is
the first subsea hard rock mine developed in China. This
deposit is located in the Sanshandao—Cangshang fault
zone, as shown in Fig. 3(a). The exterior view of the
Xinli district is displayed in Fig. 3(b).

The development method in the Xinli district is
indicated in Fig. 4. The shaft is located on the coast and
the wellhead lies above sea level. Several cross adits are
excavated through the orebody so that the minerals
situated under the sea can be mined efficiently.
According to a geological survey, the main orebody is
distributed in a fractured rock zone within 35 m below
the fault, and extends downward from a level of
40-700 m at an inclination angle of 40°-50° southeast.
Above the orebody is 35 m of Quaternary weathering
gravel layer that terminates at a sea water depth of about
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Quaternary

(b) E

Fig. 3 Position of Xinli district: (a) Geologic scheme of Sanshandao—Cangshang fault; (b) Exterior view of Xinli district

Shaft
0 —7’_ﬂ,
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-400 - —400
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Fig. 4 Development method in Xinli district

10 m. The Quaternary weathering gravel layer including
gravel, sand, mild clay and sludge provides some
protections to the mine but is bondless. Fortunately,
2-3m of silty clay, which has been proven to have
significant impermeability, is widely distributed in the
contact site between the Quaternary weathering gravel
layer and bedrock. However, silty clay can be easily
damaged because of its low strength. Therefore, a crown
pillar with a thickness of approximately 120 m has been
retained to ensure the safety of undersea mining.

The point-pillar sublevel filling method was
adopted in the Xinli district from level —165 to —465 m,
which has been proven effective in the field. Whereas,
many ore pillars are reserved to prevent the movement of
rock mass, which have brought heavy losses. As the
depth increases, the mining location moves gradually
away from the sea, and the mining disturbances on the
isolation layer decrease. Indeed, this mining method
becomes less effective at greater depths. Therefore, it is
possible to cancel point pillars and employ other mining

methods. The feasibility of cancelling ore pillars in the
Xinli district has been analyzed based on numerical
simulation and mining conditions [5]. It was determined
that ore pillars could be progressively reduced from the
level =465 to —555 m, and then completely eliminated
below the level =555 m. Accordingly, research on the
optimization for selecting a non-pillar method for deep
mining in the Xinli district is required.

4.2 An illustrative example

According to the mining technical conditions, four
feasible mining methods for a subsea deep gold deposit
were designed: the room-pillar alternation upward level
cut and fill stopping method (4;), room and pillar
sublevel filling method (4,), medium and deep hole
caving with subsequent filling method (4;), and high
access Dback-filling method (44). Meanwhile, the
point-pillar sublevel filling method (45) was also used
for comparison. The hybrid TODIM model was adopted
to select the optimal mining method for the Xinli district,
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and the concrete evaluation procedure is described as
follows:

(1) Step 1: Construct initial evaluation matrix

A group of professionals were invited to evaluate
the performance of each mining method. Based on the
outcome of in-depth and focused
discussion, the sub-criteria of the five mining methods
were determined, as given in Table 2.

(2) Step 2: Standardise initial evaluation matrix to

investigations

account for differences of index dimensions
The normalization values were calculated by

Egs. (3)—(6). Subsequently, the TFNs were defuzzified
by Eq. (8). Accordingly, the evaluation matrix after
normalization and defuzzification was derived as
follows:

0.2222  0.2038 0.2315 0.2222 0.1956 0.2623 0.1918 0.2781 0.2262 0.2708

0.2222  0.2375 0.2028 0.2222 0.2476 0.2384 0.1951 0.2035 0.1939 0.1772
Z=|0.1592 0.1029 0.1740 0.2222 0.1381 0.2659 0.2182 0.0878 0.1597 0.2141

0.1907 0.2375 0.2028 0.1592 0.1205 0.1262 0.1785 0.3337 0.1939 0.1513
02222 0.2375 0.2028 0.1907 0.3390 0.1071 0.2164 0.0970 0.2262 0.2141

(3) Step 3: Determine weights of sub-criteria using
superiority linguistic ratings

The linguistic ratings for the sub-criteria were

provided by five professionals, as given in Table 3. It can

Table 2 Sub-criteria of five mining methods

Wei-zhang LIANG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2160—-2169

be seen that all professionals believed the weight of
sub-criteria B,; was very high for subsea mining.
Subsequently, the aggregated fuzzy weights were
calculated by Egs. (10)—(11). The weights after
normalization were then obtained according to Eq. (12)
as follows:

w =[0.0950 0.0890 0.1039 0.0950 0.1187 0.1068 0.1098 0.1068 0.0890 0.0861]

(4) Step 4: Establish dominance matrix

As the weight value of B,; was the largest, it was
selected as the reference criterion. Subsequently, all
partial dominance matrices were obtained by Eq. (13).
The final dominance matrix was then derived by Eq. (14),
as shown in Table 4.

(5) Step 5: Select optimal mining method

The global values of alternatives were determined
by Eq. (15), and the calculation results were #,=1.0000,
7,=0.7753, =0, 1,=0.1349 and #s=0.6483. As n;>n,>
ns>n4>13, the optimal mining method was 4.

Consequently, the room-pillar alternation upward
level cut and fill stopping method was selected as the
optimal mining method in the Xinli district, which is
detailed in Fig. 5. The practice demonstrates that the
selected mining method is effective and capable of
greater economic benefit.

Mining Sub-criteria
method N B By, By By By /(tshift ) Byp/(YUANtY)  By/%  Byu/% N
A G SG VG G F 42.12 60.24 6.0 6.0 SP
A, G G G SP 38.27 59.23 8.2 7.0 SG
A; F P SG G VG 42.70 52.97 19.0 8.5 F
Ay SG G G F G 20.27 64.73 5.0 7.0 G
As G G G SG P 17.20 53.40 17.2 6.0 F
Table 3 Linguistic ratings of all sub-criteria
Professional Sub-criteria
B By By By By By, Bs Bss By, By
D, SH M H SH VH H H H SH M
D, H H H VH H VH H M SH
D; SH SH H VH H VH H H SH
D, SH SH H SH VH H H VH SH H
Ds H SH H SH VH VH H H SH M
Table 4 Dominance of each alternative over other alternatives
Parameter A A, As Ay As
A 0 -1.1129 —0.0526 —0.7421 —1.7409
A —3.3273 0 —1.0990 —0.6499 —2.2954
As —6.2567 -5.0312 0 —4.0848 —4.8307
Ay —5.8371 —4.2695 —3.3626 0 —4.3485
As —4.1836 —2.4209 -1.4192 —1.4496 0
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Fig. 5 Room-pillar alternation upward level cut and fill stopping method

5 Discussion

Tapping the resources of subsea bedrock deposits is
becoming increasingly vital and widespread. To account
for the distinctiveness of subsea bedrock deposits, a
hybrid TODIM model was proposed to select the optimal
mining method.

Considering the influence of parameter 6 in Eq. (13),
a sensitivity analysis is provided to demonstrate the
robustness of the proposed method. Here, the value of 8
is assumed to be 8=1. However, other values of # have
been adopted in the literatures [29,30]. Therefore, to
verify the stability of the results, other 8 values were also
chosen for comparison. In general, if 8>1, the influence
of loss is weakened; if 6<1, the influence of loss is
exacerbated. Thus, the values of 0 were sorted into two
conditions: 0<f<1 and 6>1. The global values of the
alternatives for different 8 values are given in Table 5. It
can be seen that the trends of the global values for
different 6 values are consistent. The global values
decreased with the increase of 6, except that the
maximum and minimum values were invariant. The
ranking results of the different 6 values are given in
Table 6. All ranking results were consistent. That is to
say, the ranking result was not sensitive to # when using
the hybrid TODIM method. Thus, the sensitivity analysis
validates the robustness of the proposed method to a
certain degree.

2167

Table 5 Global values of alternatives for different 6 values

0 m 2 3 714 s
0.2 1 0.7917 0 0.1394 0.6541
0.4 1 0.7874 0 0.1382 0.6526
0.6 1 0.7832 0 0.1371 0.6511
0.8 1 0.7792 0 0.1359 0.6497
1.0 1 0.7753 0 0.1349 0.6483
2.0 1 0.7572 0 0.1299 0.6420
4.0 1 0.7275 0 0.1217 0.6316
6.0 1 0.7040 0 0.1152 0.6233
8.0 1 0.6850 0 0.1100 0.6167

Table 6 Ranking results with different 8 values
% Ranking result Optimal Worst
alternative  alternative
0.2 A1>A>As>A> A3 A A;
0.4 A1>A>As>A> A3 A A;
0.6 A1>A>As>A> A5 A A;
0.8 A1>A>As>A> A3 A A;

1.0 A1>A>As>A> A5 A A;
2.0 A1>A>As>A> A5 A A;
4.0 A1>A>As>A> A5 A A;
6.0 A1>A>As>A> A5 A A;
8.0 A1>A>As>A> A5 A A;
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The hybrid TODIM method was employed to select
the optimal mining method for the Xinli district of the
Sanshandao Gold Mine. Alternative A, was chosen as the
best mining method. Currently, the mine is producing ore,
both safely and efficiently. The selected filling methods
are being used, whereas certain deformations may still
occur, especially in steep and thick orebody. MA et al [31]
monitored the surface settlement in the Jinchuan Nickel
Mine using global positioning system (GPS) monitoring
system. Their results showed that the maximum
settlement reached 2403 mm, despite the use of the
back-filling method. The consequences would be
extremely serious if a similar situation were to occur in
subsea mines. Thus, several monitoring methods have
been adopted, such as hydraulic discharge, micro-
seismic, and displacement monitoring. Additionally,
because of the potential for water inrush and its
extremely serious consequences, several emergency
rescue measures have been implemented, including an
alarm system, waterproof structures, and escape routes.

Further, to reduce the amount of settlement, it is
necessary to fill the goaf compactly. Considering the
conditions in the Xinli district, several measures for
reducing settlement are proposed as follows:

(1) Improve concentration of filling material

Currently, the filling materials in the Xinli district
are composed of tailings, cement, water, etc. However,
the volume concentration is only in the range of
52%—54%. Because of the effect of water, achieving a
roof-contact filling is difficult. Therefore, high-density
filling or paste filling should be adopted.

(2) Fill goafs at multiple points

Generally, attle is difficult to distribute evenly,
especially when filling a large goaf from only one point.
Filling the goaf from multiple points can effectively
improve the attle distribution. There are two ways to
achieve this: drill several holes in the stowing pipe, or
use multiple stowing pipes. Regardless, it is necessary to
fill from the bottom.

(3) Fill goafs forcibly with injection pump

Because the filling slurry may be compressed by
external stress or shrink after dehydrating, it is difficult
to fully fill the goaf. Thus, an injection pump could be
used to fill the goaf forcibly.

6 Conclusions

(1) According to the specific conditions of subsea
mines, an index system for subsea mining method
selection was established with four criteria and ten
sub-criteria. To describe the uncertain information more
fully and accurately, qualitative index values were
represented by TFNs instead of scores.

(2) The index weights were determined using

superiority  linguistic ~ ratings. =~ Comprehensively
considering the knowledge, experience and preferences
of five experts, the degree of disturbance on overlying
rock formation was assigned a maximum weight value.

(3) A hybrid model combining fuzzy theory and the
TODIM method was proposed to select the optimal
mining method in the Xinli district of the Sanshandao
Gold Mine, and the room-pillar alternation upward level
cut and fill stopping method was selected. A sensitivity
analysis indicated that the proposed model was robust,
and the practice showed that the optimized mining
method was useful for safe mining.

References

[1]  LEVINE A S, RICHMOND L, LOPEZ-CARR D. Marine resource
management: Culture, livelihoods, and governance [J]. Applied
Geography, 2015, 59: 56—59.

[2] PENG Kang, LI Xi-bing, WAN Chuan-chuan, PENG Shu-quan,
ZHAO Guo-yan. Safe mining technology of undersea metal mine [J].
Transactions of Nonferrous Metals Society of China, 2012, 22(3):
740-746.

[3] PENG Kang, LIU Zhao-peng, ZHANG Yong-liang, FAN Xiang,
CHEN Qin-fa. Determination of solation layer thickness for undersea
mine based on differential cubature solution to irregular Mindlin
plate [J]. Journal of Central South University, 2017, 24(3): 708—719.

[4] LIU Zhi-xiang, LUO Tian, LI Xiang, LI Xi-bing, HUAI Zhen,
WANG Shao-feng. Construction of reasonable pillar group for
undersea mining in metal mine [J]. Transactions of Nonferrous
Metals Society of China, 2018, 28(4): 757-765.

[S] LIU Zhi-xiang, DANG Wen-gang, HE Xian-qun, LI Di-yuan.
Cancelling ore pillars in large-scale coastal gold deposit: A case
study in Sanshandao gold mine, China [J]. Transactions of
Nonferrous Metals Society of China, 2013, 23(10): 3046—3056.

[6] LIU Zhi-xiang, DANG Wen-gang, HE Xian-qun. Undersea safety
mining of the large gold deposit in Xinli District of Sanshandao Gold
Mine [J]. International Journal of Minerals, Metallurgy, and
Materials, 2012, 19(7): 574-583.

[7] BALUSA B C, SINGAM J. Underground mining method selection
using WPM and PROMETHEE [J]. Journal of the Institution of
Engineers (India): Series D, 2018, 99(1): 165—-171.

[8] LIANG Wei-zhang, ZHAO Guo-yan, HONG Chang-shou. Selecting
the optimal mining method with extended multi-objective
optimization by ratio analysis plus the full multiplicative form
(MULTIMOORA) approach [J]. Neural Computing and Applications,
2018. Doi: 10.1007/s00521-018- 3405-5.

[9] LUO Sui-zhi, LIANG Wei-zhang, XING Li-ning. Selection of mine
development scheme based on similarity measure under fuzzy
environment [J]. Neural Computing and Applications, 2019. Doi:
10.1007/500521-019-04026-x.

[10] LIU Ai-hua, DONG Lei, DONG Long-jun. Optimization model of
unascertained measurement for underground mining method
selection and its application [J]. Journal of Central South University
of Technology, 2010, 17(4): 744—749.

[11] KARIMNIA H, BAGLOO H. Optimum mining method selection
using fuzzy analytical hierarchy process—Qapiliq salt mine, Iran [J].
International Journal of Mining Science and Technology, 2015, 25(2):
225-230.

[12] KABWE E. Optimal mining method selection for Nchanga’s Upper
Orebody using analytic hierarchy process and Yager’s method [J].
Mining Technology, 2017, 126(3): 151-162.



[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

[22]

Wei-zhang LIANG, et al/Trans. Nonferrous Met.

SITORUS F, CILLIERS J J, BRITO-PARADA P R. Multi-criteria
decision making for the choice problem in mining and mineral
processing: Applications and trends [J]. Expert Systems with
Applications, 2019, 121: 393-417.

LIANG Wei-zhang, ZHAO Guo-yan, WU Hao, DAI Bing. Risk
assessment of rockburst via an extended MABAC method under
fuzzy environment [J]. Tunnelling and Underground Space
Technology, 2019, 83: 533—544.

DONG Jun, LIU Dong-ran, WANG Dong-xue, ZHANG Qi.
Identification of key influencing factors of sustainable development
for traditional power generation groups in a market by applying an
extended MCDM model [J]. Sustainability, 2019, 11(6): 1754.
OCAMPO L A. Decision modeling for manufacturing sustainability
with fuzzy analytic hierarchy process [J]. Global Business Review,
2019, 20(1): 25-41.

ZHAO Hao-ran, GUO Sen,
assessment for Dbattery energy storage systems based on
fuzzy-MCDM considering risk preferences [J]. Energy, 2019, 168:
450—461.

GOMES LF AM, LIMAM M P P. TODIM: Basics and application
to multicriteria ranking of projects with environmental impacts [J].

ZHAO Hui-ru. Comprehensive

Foundations of Computing and Decision Sciences, 1992, 16(4):
113-127.

YUAN lia-hai, LI Xin-ying, XU Chuan-bo, ZHAO Chang-hong, LTU
Yuan-xin. Investment risk assessment of coal-fired power plants in
along the Belt and Road initiative based on
ANP-Entropy-TODIM method [J]. Energy, 2019, 176: 623—640.
LIANG Wei-zhang, ZHAO Guo-yan, WANG Xi, ZHAO Jie, MA
Chun-de.

distance-based multi-criteria decision making approaches with

countries

Assessing the rockburst risk for deep shafts via
hesitant fuzzy information [J]. Engineering Geology, 2019. Doi:
10.1016/j.engge0.2019.105211.

JI Pu, ZHANG Hong-yu, WANG Jian-qiang. A projection-based
TODIM method under multi-valued neutrosophic environments and
its application in personnel selection [J]. Neural Computing and
Applications, 2018, 29(1): 221-234.

BISWAS A, SARKAR B. Interval-valued Pythagorean fuzzy TODIM
approach through point operator-based similarity measures for

[23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

(311

Soc. China 29(2019) 2160—2169 2169

multicriteria group decision making [J]. Kybernetes, 2019, 48(3):
496-519.

ZHANG Yi-xin, XU Ze-shui, LIAO Hu-chang. Water security
evaluation based on the TODIM method with probabilistic linguistic
term sets [J]. Soft Computing, 2019, 23(15): 6215-6230.

LUO Sui-zhi, LIANG Wei-zhang. Optimization of roadway support
schemes with likelihood-based MABAC method [J]. Applied Soft
Computing, 2019, 80: 80—92.

TADIC D, ALEKSIC A, POPOVIC P, ARSOVSKI S, CASTELLI A,
JOKSIMOVIC D, STEFANOVIC M. The
enhancement of quality, environmental protection and seaport safety
by using FAHP [J]. Natural Hazards and Earth System Sciences,
2017, 17(2): 261-275.

TANG lJie, MENG Fan-yong. A consistency-based method to
decision making with triangular fuzzy multiplicative preference

evaluation and

relations [J]. International Journal of Fuzzy Systems, 2017, 19(5):
1317-1332.
ZHAO Hao-ran, ZHAO Hui-ru, GUO Sen.

comprehensive benefit of eco-industrial parks

Evaluating the
by employing
multi-criteria decision making approach for circular economy [J].
Journal of Cleaner Production, 2017, 142: 2262-2276.

CHEN Shan-huo, HSIEH C H. Representation, ranking, distance,
and similarity of LR type fuzzy number and application [J].
Australian Journal of Intelligent Processing Systems, 2000, 6(4):
217-229.

LIANG Wei-zhang, ZHAO Guo-yan, WU Hao, CHEN Ying.
Assessing the risk degree of goafs by employing hybrid TODIM
method under uncertainty [J]. Bulletin of Engineering Geology and
the Environment, 2019, 78(5): 3767-3782.

QIN Quan-de, LIANG Fu-qi, LI Li, CHEN Yu-wang, YU Gao-feng.
A TODIM-based multi-criteria group decision making with triangular
intuitionistic fuzzy numbers [J]. Applied Soft Computing, 2017, 55:
93-107.

MA Feng-shan, ZHAO Hai-jun, GUO lJie, LI Ke-peng. Influence of
the multi-level mining on the ground movement in the Jinchuan No.2
mine [J]. Journal of Engineering Geology, 2014, 22(4): 757-764. (in
Chinese)

BIRAREEN KA A MRMK

!, REE ',

&M%’

1. FE R RS2 TRE%RE, Kb 410083,
2. MERE WENES e TR, #78H 421001

B XHRESE IERIENRETII . H5%E, SGEBEERATE, Rkl St MmE e
ZRTE 4 ANTTIH, ESLHE R A ISR AR A R o HU, R — AN RN B0 35 SO = i BRI B PR R R, 0
SEME K GE BAR BT ERAE. 5, R — TR S5 TODIM JNisM4 G rRAGHA., KE, D=4
WoAB, RHZITER AT AT IR, JF i8N REUZ D HTIE ST B B SRRk, 45 RRY, Frie th iR
5 TODIM J7 ik e ] ST RO T IR A RA AR %, JF r AR SRR LR T ik i s i

2%,

KHEEIA): ERGRERE T R iE; BUIEES; VRS TODIM J7ik

(Edited by Bing YANG)



