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Abstract
Binh Duong is the leading industry development province of Vietnam. In particular, quarries in Di An, Phu Giao and Tan Dong Hiep
districts have contributed significantly to the demand for construction and transportation in the locality and vicinity. The quarries in
Binh Duong province are exploited by the open-pit mining method. The mining depth is from 100m to 150 m. The mine surface area
is hundreds of hectares. At the end of the quarries will leave huge pits. The current regulations of Vietnam on mine closure are mainly
aimed at ensuring the stability of the physical and chemical factors of the mine, while the land use after the mine closure is permanent.
Binh Duong province has a rapid urbanization rate, the use of land after mining here is very important and has a significant influence
on the sustainable development of the region. Depending on the occupied area of the mine or mine cluster, there are many options
to close the mine after mining based on the required technical, economic, social and environmental criteria. The paper uses fuzzy
multi-attribute decision model to calculate the optimal solution selection. The selected option is to use the mine lake for tourism,
entertainment and water storage at Nui Nho mine, Di An city, Binh Duong province with the highest total score of economic, social

and environmental criteria.

Keywords: mine closure, fuzzy multi-attribute decision, sustainable development

1. Introduction

Mining closure is rated as one of the top risk activities
of mining, its importance is increasingly recognized, more
stringently required mine closure regulations have been in-
troduced since 1990s [19, 23]. Mining closures can cause neg-
ative impacts such as job loss, tax revenue deficit, impact on
infrastructure development, reduced demand for local goods
and services, and especially environmental landscape [1, 6].
The development opportunities that mines can offer to local
communities after mine closure should be carefully studied.
If managed properly, the mine closure transition can provide
significant opportunities in line with the Sustainable Devel-
opment Goals (SDGs), such as resettlement, infrastructure
development for other purposes creating new economic re-
sources [3, 18].

Around the world, organizations such as the Internation-
al Council on Mining and Metals (ICMM), the World Bank
have reported on the sustainable mine closure framework
[13, 15]; Countries with developed mining industries such as
the US, Australia, Canada, and South Africa have legalized
mine closures and issued detailed manuals. Some of the key
themes in these guidelines and standards include integrated
closure planning that considers the environmental, financial,
physical, and socioeconomic context of a particular site, in-
corporating the stakeholders including community goals and
aspects of social welfare, environmental management based
on optimization of protection, land use and infrastructure

[14]. Some of the proposed legislation includes the follow-
ing sustainable land use practices under the statutory frame-
work: i) Closures must begin at the start of the operational
phase and continue until the start of the closure phase; ii) The
quantification and management of environmental risks must
be achieved; iii) Mine Health and Safety regulations must be
observed; iv) The identification and quantification of residual
environmental impacts must be achieved; v) The land must
be restored to its natural state or to a predetermined state as
agreed by the government to include the concept of sustain-
able development; vi) Mining operations must be effectively
and cost-effectively closed.

Binh Duong is a leading industrial province in the coun-
try. Along with the economic development and infrastructure
construction, the demand for stone construction materials is
increasing. Currently, the province has 22 mines, of which 16
are being exploited and 5 are under construction. The total
licensed mining area is 778.11 hectares with a total licensed
mining capacity of 14,112 million m*/year. Construction ma-
terial mines in Binh Duong province are mainly concentrated
in the districts: Phu Giao (3 mines) and Bac Tan Uyen (19
mines).

The quarries in Binh Duong have a close relationship: they
work together on the same shore, exploit together deep below
the self-flowing drainage level, and are connected to regional
roads. Around the mine, it is arable land of local people. Open
pit mining inevitably causes changes in the surrounding envi-
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Fig. 1. Location of mine closure area (Google Map)
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Fig. 2. AHP hierarchical structure diagram

ronment, the extent of which depends on the depth of finish,
mining capacity, technology, equipment as well as size, shape
and location of the mine [7].

The mining process has changed the landscape, affecting
the environment, ecology, and traffic in the area. Currently
and a few years from now, the quarries in Binh Duong prov-
ince will end their exploitation and have to close according to
regulations. Vietnam has clear regulations on the contents of
mine closures, which are shown in the following documents:

o Law on Minerals No. 60/2010/QH12 approved by the
National Assembly of the Socialist Republic of Viet-
nam, term XII, 8th session, on November 17, 2010;

o Law on Environmental Protection No. 55/2014/
QH13 passed by the National Assembly on June 23,
2014;

o Circular No. 45/2016/TT-BTNMT dated December
26, 2016 of the Ministry of Natural Resources and
Environment "Regulating on mineral exploration
project, mineral mine closure and form of report on
mineral activities and samples of documents in the
application for a license for mineral activities, the
application for approval of mineral reserves, and the
application for closure of a mineral mine; order and
procedures for mineral mine closure”;

. Circular No. 38/2015/TT-BTNMT dated June 30,
2015 of the Ministry of Natural Resources and En-
vironment on environmental renovation and resto-
ration in mineral mining activities;

The regulations on mine closure in Vietnam are deter-
mined that after the end of mining, bring the mine to a sta-
ble state: leveling, renovating floors, dismantling works, etc.,
make a plan to close the mine and submit it to the authori-
ties when preparing to end mining. The new mine closure is
mainly concerned with the physical stability of the work, not
integrating economic and social factors into the mine closure.
The site of land use after the mine closure is directly related to

society, but it is only oriented to be used as a water reservoir,
planting trees without specific instructions on physical and
chemical stability, etc. Closing costs have to be taken from
the project's funds, but with each different model of land use
after mining, the cost of closing the mine will be different,
affecting the efficiency of the investor. At that time, it is nec-
essary to consider the lifespan, the end boundary, the differ-
ent stability assurance solutions to ensure the effective project
after the closure. Land use after the closure of mines has not
been effective, the orientation to use the premises stated in
the environmental impact assessment (EIA) report is often
counter-productive, simple, with as little improvement costs
as possible, not really suitable with the natural and socio-eco-
nomic characteristics of the area.

Mines in the same area do not have a link in a common
whole, there is no integrated closure model for the most op-
timal use of the site after closing. Existing studies have only
focused on the use of post-closure premises on the basis of
the criteria to ensure the set goals, but there are no studies on
stability for each model.

That's why choosing an appropriate mine closure model
that contributes to the sustainable development of the region
is essential and has practical significance, especially with Binh
Duong province with rapid urbanization and rapid develop-
ment of industries.

2. Research methodology
2.1. Research subjects

o Research object: Mine closure and land use after
mining.

o Scope of research: Nui Nho mine with an area of 33.9
hectares. This is the place that takes away the most
soil and rock in the area, causing a lot of environ-
mental impact

o Location is in Binh Thung quarter, Binh An ward,
Di An town, Binh Duong province. The location of
mineral mine closure is about 20 km southwest of Ho

250

Inzynieria Mineralna — Lipiec - Grudzieti 2023 July - December — Journal of the Polish Mineral Engineering Society



Tab. 1. Criteria for selecting the optimal mine closure model

Objective 1: Objective 2: Objective 3: . . I .
Match the Match with Ensure Ob]et::‘l:\;i:hiE:sure o?é?:fltl:‘i’:als.
natural features regional social environmental _— i
of the mine characteristics targets efficiency feasibility
TN1: Mine . . MT1: Water HQ1: Benefits for KT1: Technical
XH1: Population N . Py
topography environment investors feasibility
TN2: Surface XH2: Social MT2: Water HQ2: Benefits for the | KT2: Shape and size
water infrastructure environment community of mine field
KT3: Current land
TN3: . MT3: Earth X . h
Groundwater XH3: Industry Environment HQ3: Local interest use status in the
surrounding area
TN4: Climate XH4: Pre-mining M_T4: Air KT4: Climate
land use environment change
. XH5: .
TN5: Flora and Entertainment MT5: Risk KT5: Supply of raw
Fauna materials
area
TN6: Pit area
TN7: Geological
structure

Tab. 2. W-weighting for the objectives of option 1. CR ratio = 0.061< 0.1

. . Technical .

Nature Economy Society Environment feasibility Weight
Nature 1,1,1 1/4, 1/3,1/2 | 1/5, 1/4, 1/3 1/5, 1/4, 1/3 1,2,3 0.092
Economy 2,3,4 1,1,1 1/3,1/2,1 1,1, 1 2,3,4 0.233
Society 3,4, 5 1,2,3 1,1, 1 1,1, 1 2,3,4 0.312
Environment 3,4, 5 1,1,1 1,1, 1 1,1, 1 3,4, 5 0.286
Technical 1/3,1/2,1 | 1/4,1/3,1/2 | 1/4,1/3,1/2 | 1/5,1/4,1/3 1,1,1 | 0.077
feasibility e iits iits P 4 :

Chi Minh City, 10 km northeast of Bien Hoa city, 18
km northwest of Thu Dau Mot city (Figure 1).

2.2. Applicable methods
2.2.1. Method of data collection and field investigation

The collected database includes natural factors, socio-eco-
nomic conditions, maps such as administrative boundaries,
and land use planning maps. These are documents as a basis
for fieldwork to comment and evaluate, and as a basis for sur-
veying backlogs, limitations and causes to be overcome.

2.2.2. Matrix and Expert Method

The matrix method lists development activities and environ-
mental factors that may be affected [20]. The matrix table
compares each project activity with environmental param-
eters or components to assess the cause-and-effect relation-
ship [10]. In which, the horizontal axis represents actions, the
vertical axis represents environmental factors and marks the
level of impact between them. For this method, the knowl-
edge and practical experience of experts in the field of mineral
resources and environment are used to analyze and evaluate
the impacts.

2.2.3. Multi-Criteria Analysis (MCA) with fuzzy sets

AHP's purpose is to help people organize their thoughts
and judgments to make more effective decisions. AHP pro-
vides an objective algorithm to deal with the separability of
subjectivity and the private preferences of an individual or
group in decision making. The diagram of the AHP hierarchy
is shown in Figure 2.

The AHP method facilitates computational judgments
and preferences by using pairwise comparisons. This is also
the best procedure for performing pairwise judgmental com-
parisons [21]. However, human judgments are completely
imprecise, so preferences are not quantifiably determined [9].
Fuzzy theory was developed by Zadeh [26] to overcome in-
correct judgments and preferences. Many methods of weigh-
ing attributes and alternatives are intelligently implemented
using qualitative scales, while the logical determination of
priorities is difficult for general decision-makers [25]. There-
fore, to perform accurate pairwise judgment comparisons

and decision making, fuzzy set theory and AHP method are
combined with good results [2]. Later, other methods have
been presented that combine these two approaches [4]. Since
ambiguity and ambiguity are common features in many deci-
sion-making problems, fuzzy analytical hierarchical process-
ing (FAHP) should be able to deal with ambiguity [17].

Supposing that a decision-making board consists of 1 de-
cision makers (Dt, t = 1,.., 1) responsible for evaluating m (Ai,
i=1,..., m) green suppliers based on over n standards (Cj, j
= 1,..., n) where the rating of green suppliers is based on each
standard and the weights of the standards are represented
as linguistic variables [27] and presented as triangular fuzzy
numbers. The modeling process is presented in the following
steps:

* Step 1: Define a set of criteria to evaluate and group
green suppliers. In this study, the criteria used to evaluate and
classify green suppliers are divided into two groups: economic
criteria and environmental criteria. These criteria were select-
ed based on a review of previous studies presented in Table 1.

* Step 2: Determine the weight for each criterion. In this
section, the FAHP method is applied to determine the priority
(weight) of the green supplier evaluation criteria. This study
applies the extended FAHP method which is considered sim-
ple, popular and presented by Chang [4]. The FAHP model is
used to determine the weights of the criteria. The model uses
a language variable to represent the comparative judgments
made by the decision panel.

Set: X = {X1, X2, ..., Xn} is the set of n objects;

G = {gl, g2, ..., m} is the set of m comparison targets.

According to Chang's method, each Xi object corresponds
to a comparison object, denoted Gi. Accordingly, each object
Xi will be compared with m targets, denoted as follows:

MZ

Ml Mzi,...Mli;Ml giseee

91> Mg [5is Mg, Mgtvdgii=12..mj=12.n

(In which every value M/ M J is a triangular fuzzy number).

* Step 3: Calculate the value of the composite fuzzy num-
ber for the i-th object according to the formula:

5= SR Mj © [Si, TR My (0
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Tab. 3. Overall score evaluation for option 1

Objectives

Objective’'s
Weight

Criteria

Explanation

Criterion
weight

Average
score of
experts

Criteria
score

Total score

Objective 1: Match
the natural features
of
the mine

Mine topography

The mine
topography is
suitable for the post-
mining land use plan

0.36

70

25.2

2.318

Surface water

Reservoir suitable for
post-mining land use

0.17

65

11.05

1.017

Groundwater

Ground water
supplies to the
reservoir

0.07

65

4.55

0.419

0.092

Climate

Climate affects post-
mining land use
purpose

0.21

70

14.7

1.352

Flora and Fauna

Is the flora and
fauna rich?

0.04

50

0.184

Mine scale

Is the size of the
mine suitable?

0.08

70

5.6

0.515

Geological
structure

Stable geological
structure

0.07

60

4.2

0.386

Objective 2: Match
with regional social
characteristics

Objective 3: Ensure
environmental
targets

Population

The population
density is high to
participate in post-
mining land use

0.53

65

34.45

8.027

Social
infrastructure

Favorable traffic
conditions, electricity
and water networks

80

15.2

3.542

0.312

Industry

Industrial activities
that support the
form of post-mining
land use

75

2.097

Pre-mining land
use

Is the pre-mining
land use suitable for
the form of post-
mining land use

0.08

70

5.6

1.305

Entertainment area

The entertainment
area around the
mine affects the plan

0.08

60

4.8

1.118

Water Environment

The form of post-
mining land use
affects the water
source

70

32.9

10.265

Water Environment

The form of post-
mining land use has
an impact on water
resources

0.47

70

32.9

10.265

0.286

Earth environment

Does the form of
post-mining land use
cause pollution to
the land
environment?

0.17

60

10.2

3.182

Air environment

The form of post-
mining land use has
an effect on the
surrounding air

55

10.45

3.260

Risk

The form of post-
mining land use can
reduce the possibility
of risk

75

12.75

3.978

Objective 4: Ensure
economic efficiency

Objective 5:
Technical feasibility

Benefits for
investors

Cost and profit for
investors

0.63

75

47.25

13.514

Benefits for
community

Bringing benefits to
investors

0.28

70

19.6

5.606

0.233

Benefits for the
local

Tax revenue from
the form of land use

0.09

75

6.75

1.931

Technology
readiness

construction
technology can
implement the plan
of post-mining land
use

0.204

75

15.282

1.177

The shape and size
of the mine field

The shape and size
of the field field
meets the post-
mining land use plan

0.397

60

23.832

1.835

0.077

Current status of
land use in the
vicinity

Current status of
land use in the
vicinity considering
the possibility of
success of the post-
mining land use plan

0.107

50

5.340

0.411

Climate change

Land use plan after
exploitation is stable
with climate change

0.086

65

5.589

0.430

Supply of raw
materials

Is the supply
sufficient for the
post-mining land use
plan?

0.206

75

15.470

1.191

Total

82.2

Tab. 4. W-weighting for the objectives of option 2. Ratio CR = 0.085< 0.1

Nature

Economy

Society

Environment

Technical
feasibility

Weight

Nature

1,1,1

1/3,1/2,1

1/4,1/3,1/2

1/4,1/3,1/2

2,3,4

0.127

Economy

t £y

1,1,1

1/3,1/2,1

1,1,1

1 £

0.199

Society

’

1,2,3

1,1,1

1,1,1

0.295

Environment

N(N|—=
w_wN
N R [OF)

1 Dy

1,2,3

1,1,1

1,1,1

0.295

Technical

feasibility

1/4, 1/3, 1/2

1/3, 1/2, 1

1/4, 1/3, 1/2

1/4, 1/3, 1/2

= OINN =
= W&»N
YY)

0.083
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Calculate by: X7, M), X7 M), perform fuzzy operations
the analytical values m for a special matrix given in below, in
the final calculation step, the new set (I, m, u) is obtained and
used for next step:

DIy M;i =T b 2oy, T ) (2)

In which: 1 is the minimum cut-off value, m is the maxi-
mum estimated value, and u is the value higher than the cut-
off value to take. Calculate by:

[Er B, My (3)

Performing fuzzy operation of the value M /M J
(j=1,2,3,4,5...,m) we have

e Xt My, = {78 U Xy By ) (4)

And then, calculating the inverse vector in step (8),(9) we
get the following:

1 1 1

n ren ren
im b Timymy Xisg i

[T M) ] =1 ] 5)
* Step 4: Calculate the average ratio.
Suppose a group of users Ut with t = 1, 2, ..., k evaluates
m choices Ai with i = 1,..., m with h evaluation criteria Gj , j
=1,2,...,h. Let () withi=1,...,m,j=1,...,handt=1,...,k
be the norm for each choice Ai with user set Ut and criterion
Cj . The average rating is calculated as follows:

1
Xije = % ®(xi}-1® Xij2 D...D xith—) xi}-k) (6)
In which:
P - =1lyk £ Lo=tyk o
€jj kEr::leur: fij er:1fut » dij thzlgt}t (7)

* Step 5: Calculate the average weight.

Set Wj, = (0j, pj, qj,) » wj e R*j=1,...h, t = 1,..k to be
the importance determined by the user group with the criteri-
on. The mean importance w j, = (0j,, pj, qj,) of the Cj criterion
as assessed by k user groups is determined as follows:

1
W= OW) © Wy, ©... ® W) (8)

In which:

1 1 1
0 = ;E’E:l Ojt s Pj = EZ?A Pjt s qij = EZ?:l qjt (9)

* Step 6: Calculate the total score of the options according
to the criteria with the weight just found. The option with the
highest total score will be selected.

3. Research results and discussion
3.1. Result

Based on the SAW method and research results [12], 25
important criteria are proposed to be used to evaluate the
weights and are summarized in Table 1. In which: i) Matching
characteristics nature of the mine area - 7 criteria; ii) Confor-
mity with regional socio-economic characteristics - 5 criteria;
iii) Ensuring environmental criteria — 5 criteria; iv) Ensuring

economic efficiency - 3 criteria; v) Technical feasibility - 5
criteria. For details, see Table 1.

3.2. Analyze and propose a plan to improve and restore the
environment for Nui Nho quarry

Mining activities cause negative impacts on the environ-
ment and health throughout all stages of mining [5, 8, 24].
Mineral mines often cause adverse impacts on the ecological
environment [11]. For example, contamination of surface wa-
ter and groundwater in the project area and its vicinity may
be affected by mining activities. To find out the most suitable
environmental rehabilitation and restoration plan for the re-
search quarries cluster, the hierarchical process method is
used. In fact, on a general level, there is always a change in the
ecosystem and landscape before and after mineral extraction
(16, 22].

Through information about the characteristics of the
mine cluster, the natural socio-economic conditions of the
area, refer to the options for mine closure and land use after
mining, on the basis of the above criteria, the experience of
mine closure in countries around the world, it is possible to
propose two options for mine closure and land use after ex-
ploitation as follows:

Option 1: Renovating the mining pit into a lake used for
tourism, entertainment and water storage. However, this op-
tion requires a large investment capital, a long implementa-
tion time, but brings economic efficiency.

Option 2: Renovating the mining pit into a water reser-
voir, enclosed with a fence. This option 2 has low investment
capital, fast implementation time but brings lower economic
efficiency.

In this study, for option 1, to determine the weight of the
principles for the option by means of geometric mean (Geo-
mean) weighting (W) is shown in Table 2.

Integrated assessment based on the weights of principles
and criteria combined with scores of experts in minerals, land
use management and environmental protection for option 1 -
improvement forming a tourist area with a total score of 82.2.
For details, see Table 3.

Option 2 is selected to renovate the pit into a water reser-
voir and closed fence with the weighted principles of calcula-
tion in Table 4.

The total score of Option 2 is 74.86, lower than Option 1.
For details, see Table 5 .

4. Conclusions

Binh Duong is an industrial province of Vietnam. The
construction material mining industry has met a large de-
mand for construction works. The quarries in Binh Duong
have been finished and closed according to regulations. With
the speed of urbanization and rapid industrial development
like Binh Duong, it is necessary to maximize the use of land
after mining, contributing to the sustainable development of
the mine.

The selection of a suitable model for closing the quarries
for deep mining should be based on appropriate objectives in
terms of natural, socio-economic, environment, and technical
feasibility. The hierarchical process method with fuzzy set is
a suitable tool to choose the best plan for mine closure and
post-mining land use. Summarizing the research results, it
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Tab. 5. General evaluation of o

ption 2

Objectives

Objective’s
Weight

Criteria

Explanation

Criterion
weight

Average
score of
experts

Criteria
score

Total
score

Objective 1: Match
the natural features
of the mine

0.127

Mine topography

The mine
topography is
suitable for the
post-mining land
use plan

0.24

75

18

2.286

Surface water

Reservoir suitable
for post-mining
land use

0.18

70

12.6

1.600

Groundwater

Ground water
supplies to the
reservoir

0.05

65

3.25

0.413

Climate

Climate affects
post-mining land
use purpose

75

8.25

1.048

Flora and Fauna

Is the flora and
fauna rich?

0.04

70

2.8

0.356

Mine scale

Is the size of the
mine suitable?

0.29

70

20.3

2.578

Geological structure

Stable geological
structure

0.09

75

6.75

0.857

Objective 2: Match
with regional social
characteristics

0.295

Population

The population
density is high to
participate in post-
mining land use

0.53

70

37.1

4.764

Social infrastructure

Favorable traffic
conditions,
electricity and
water networks

0.19

85

16.15

2.301

Industry

Industrial activities
that support the
form of post-
mining land use

0.12

65

7.8

1.770

Pre-mining land use

Is the pre-mining
land use suitable
for the form of
post-mining land
use

0.08

75

1.770

Entertainment area

The entertainment
area around the
mine affects the
plan

0.08

75

11.092

Objective 3: Ensure
environmental
targets

0.295

Water Environment

The form of post-
mining land use
affects the water
source

0.47

80

37.6

11.092

Water Environment

The form of post-
mining land use
has an impact on
water resources

65

11.05

3.260

Earth environment

Does the form of
post-mining land
use cause pollution
to the land
environment?

0.19

70

13.3

3.924

Air environment

The form of post-
mining land use
has an effect on the
surrounding air

0.17

75

12.75

3.761

Risk

The form of post-
mining land use
can reduce the
possibility of risk

0.63

75

47.25

9.403

Objective 4: Ensure
economic efficiency

0.199

Benefits for
investors

Cost and profit for
investors

0.28

80

22.4

4.458

Benefits for
community

Bringing benefits to
investors

0.09

75

6.75

1.343

Benefits for the local

Tax revenue from
the form of land
use

0.204

85

17.319

1.438

Objective 5:
Technical feasibility

0.083

Technology
readiness

construction
technology can
implement the plan
of post-mining land
use

0.397

75

29.790

2.473

The shape and size
of the mine field

The shape and size
of the field meets
the post-mining
land use plan

0.107

90

9.611

0.798

Current status of
land use in the
vicinity

Current status of
land use in the
vicinity considering
the possibility of
success of the post-
mining land use
plan

0.086

75

6.449

0.535

Climate Change

Land use plan after
exploitation is
stable with climate
change

0.206

90

18.564

1.541

Supply of raw
materials

Is the supply
sufficient for the
post-mining land
use plan?

0.206

75

15.470

1.191

Total

74.86

shows that the plan to renovate the mining pit into a lake us- of natural resources and environment in mining activities in

ing for tourism, entertainment and water storage is the option general and quarries in particular. It is necessary to plan to
to close the mine and use the land for Nui Nho mine. close the mine early to be proactive and reduce financial costs.
However, besides the achieved results, there are still is-

sues that need to be researched to improve the management
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