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Abstract Red mud storage facility (RM-SF) pollution re-
mains a serious problem in China mainly due to the RM’s
huge quantity, little recyclability, and high alkalinity. And,
there is also a risk of dam failure because almost all RM-SFs
are processed by damming. In order to address this challenge
and improve the level of risk management, it is necessary to
evaluate the environmental risk of RM-SFs systematically. So,
this paper firstly designs a comprehensive evaluation index
system with a three-level evaluation index in the terms of
RM characteristics, RM-SF characteristics, ambient environ-
ment of RM-SF, the management of RM-SF, and the applica-
tion aspect of RM by the analytic hierarchy process (AHP)
method. Then, a case of RM-SF from a typical alumina pro-
duction enterprise is studied according to this system, as is
assisted by several experts from different fields when deter-
mining the weights of all indicators. The results show that the
risk of selected RM-SF primarily depends on the former fac-
tors, that is, RM and RM-SF characteristics, while the contri-
butions of the other factors are quite smaller.
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Introduction

Red mud (RM), named for its color due to its iron oxide
content, is a by-product from alumina production. In the re-
cent decade, alumina industry in the world has expanded
sharply, especially in China. China’s alumina industry has
increased its output to 47.77 Mt in 2014 (National Bureau of
Statistics of the People’s Republic of China 2014), accounting
for about one-third of the world output. Depending on the type
of bauxite used in the refining process, a typical plant pro-
duces one to two times as much RM as alumina (Nan et al.
2009). China’s total amount of RM was estimated to be about
70Mt in 2014. However, because the utilization ratio of RM is
as low as 4 % in China, it is estimated that the storage of RM
has achieved about 300 Mt in China so far (National
Development and Reform Commission 2013).

RM is considered as an industrial waste with high environ-
mental risks, containing many different toxic substances and
chemicals (e.g., Cd, Hg, As, F) (Hind et al. 1999; Akinci and
Artir 2008), and it can cause many environment problems.
RM also holds highly alkaline wastewater with several poi-
sonous chemicals, which pose a serious threat on the ambient
environmental quality. Moreover, RM storage occupies large
areas of potentially arable lands. The RM is stored mainly by
damming in China, and there are two main methods of RM
storage, namely the dry storage and the wet storage. Most of
alumina plants adopt the dry process to store RM, disposing
the RM through dehydration drying and evaporation before
the transport of RM. A small number of alumina plants adopt
the wet storage method, transporting the RM to the storage
facilities directly, recycling part of the alkali liquor of RM by
natural sedimentation separation. Although the storage costs
increase, dry storage method reduces the amount of RM and
increases the height of RM storage. The storage location of
most of RM-SFs in China is in low areas of the coves, with
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dams on both ends. In general, severe dam failure accident is
rare to happen, like that in Hungary. However, geological
hazards or bad weather, such as landslides and continuous
heavy rain, will cause overflow of RM-SF, contaminating
the environment and endangering the residents’ safety. More
seriously, if the dam failure of the RM-SF happened, it may
cause tremendous impacts on the environment and people.
The dam failure accident of October 4, 2010, in Ajka
(Hungary) led to a sudden release of 600,000–700,000 m3 of
a highly caustic red mud suspension, which engulfed the
downstream vil lages of Kolontár, Devecser, and
Somlóvásàrhely in western Hungary (Gruiz 2010; Mayes
et al. 2011; Renforth et al. 2012). In addition, it is difficult to
avoid the ecological sensitive area or densely populated area,
when selecting the storage location of RM-SFs in China and
some RM-SFs are close to the communities, only a few thou-
sand meters away. And, another problem is that there is lim-
ited supervision to some closed RM-SFs. Therefore, as a kind
of typical large amount of solid waste in China, it is quite
necessary to conduct the risk evaluation of RM-SFs so as to
make proper risk prevention measures.

In fact, many attentions have been paid on evaluating envi-
ronmental risks caused by RM-SFs in recent years. For exam-
ple, some scholars focused on the impacts on water quality with
the method of single factor pollution index (Liu and Hao 2000;
Cao 2006; Yuan et al. 2009). Fontanier et al. (2012) assessed the
environmental impact of RM disposal on deep-sea Foraminifera
from the Cassidaigne Canyon (NW Mediterranean Sea), using
the comparative analysis method. Considering the dam failure
risks of RM-SF, Li, et al. studied the RM dam risk with the
methods of fault tree analysis (FTA) and fuzzy comprehensive
analysis (Li 2006; Li et al. 2008). In Hungary, after the severe
accident of dam failure, many researches were carried out to
assess the soil pollution, actual radiological risks, and residents’
health and community structure of collembolan by the compar-
ative analysis method (Ruyters et al. 2011; Gundy et al. 2012;
Kovács et al. 2013; Winkler 2014).

However, these studies focused on one certain aspect of
risk evaluation, while the risks of RM-SFs are multifaceted.
The risks of RM-SFs not only depend on the RM and RM-SFs
themselves but also the RM-SFs’ ambient environmental car-
rying capacity and their management. So, an attempt to com-
bine the above indicators together to establish a comprehen-
sive risk evaluation system is of significance. Compared with
the above methods, the comprehensive evaluation of multiple
indicator methods is expected to be a more appropriate meth-
od in dealing with regional environmental risk, rather than the
single indicator risk evaluation, which will effectively play a
crucial role in improving evaluation quality and, therefore,
effectively control the whole environmental risk of RM-SFs.

Analytic hierarchy process (AHP) is a multi-criteria
decision-making method developed by Saaty (1977, 1980).
It is based on the hierarchical analysis of a certain problem

in indicator of hierarchy that is structured in levels
(Radivojević and Gajović 2014). The AHP provides an effec-
tive way to deal with complex decision-making, and it has
been widely used in multi-criteria decision-making. It is de-
signed to facilitate decision-making by using both empirical
data and subjective judgments of the decision makers. It can
be helpful to identify and weigh indicators, analyze the col-
lected datum, and expedite the decision-making process
(Şener et al. 2011). So, the AHP is an appropriate method in
the risk evaluation index system. A large number of authors
have applied the AHP method in risk assessment, and it is
proved to be an effective method. Saaty applied the AHP
method for assessment of uncertainty and risk (Saaty 2006,
2008). Sun and Kong (2008) applied AHP for risk degree
calculation in civil engineering construction. Bochao (2010)
and Radivojević and Gajović (2014) gave the AHP and fuzzy
comprehensive evaluation for supply chain risk assessment.
Aminbakhsh et al. (2013) proposed a safety risk assessment in
construction projects based on the AHPmethod. Kant Sharma
et al. (2012) used the fuzzy logic and the AHP method for
forest fire risk modeling. A detailed description and the math-
ematical formulation of the AHP method are given in the
paper (Saaty 1977, 1980, 1990).

This paper firstly introduces the process for designing the
expected comprehensive evaluation index system with the
AHP method. After determining the weights of all the indica-
tors by expert marking, the risk index can be calculated and
the risk grade of RM-SFs will be judged. Then, a case study
based on a typical RM-SF by the comprehensive evaluation
method is conducted, subsequently several suggestions on risk
prevention and risk management are proposed.

The process for designing the evaluation index
system

To design the scientific and reasonable evaluation index sys-
tem, it is necessary to establish a representative decision-
making process when designing the evaluation index
system. In this paper, the construction of the evaluation index
system mainly includes the hierarchical structure of the eval-
uation index system and the selection of indicators. The pro-
posed framework consists of the following aspects.

Hierarchical structure of the evaluation index system

Hierarchy is an important feature of the evaluation index sys-
tem. The evaluation index system generally includes target
level, system level, state level, and indicator level. Target level
is the highest level, which is often set to be one indicator;
system level reflects the situations of target level from several
aspects; state level is the further detailed system levels; indi-
cator level is the last level, which is more specific and
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quantitative. Thus, a hierarchical structure combines the iden-
tified indicators and sub-indicators specific to the research
objective. To improve the evaluation level, it is very important
to select right indicators. So, this paper will then introduce the
principles and process of selecting indicators.

Principles on indicator selection for the evaluation index
system

In order to serve well the aims of establishing right and rational
regulations or laws to control the environmental risks of
RM-SFs, several principles must be obeyed when selecting
evaluation indicators, such as comprehensiveness, non-over-
l a p p i n g , e a s y a c q u i s i t i o n , a n d s c i e n t i f i c i t y.
Comprehensiveness requires that the scientific indicators
should reflect all aspects of evaluation objects in line with
evaluation purpose as much as possible. Non-overlapping re-
fers to the independence of the indicators from each other; that
is, the indicators of the index system cannot overlap each other;
otherwise, they may lead to distortion of the evaluation results.
Easy acquisition means that the required data of indicators are
easy to be collected and calculated. Scientificity is that the
collected data are true and the obtained research results can
reflect the intrinsic of the subject investigated.

Selecting process of indicators in the evaluation index
system

To comply with the above principles, selecting indicators for
the evaluation index system involves three stages in this pa-
per: the primary selection, the optimal selection, and the final
selection. During the primary selection process, qualitative
analysis method is adopted. In the paper, the authors propose
characteristics of RM, characteristics of RM-SFs, ambient en-
vironment of RM-SFs, management of RM-SFs, and respect
of RM utilization as the first level indicators in consideration
of some relative factors which may help decide the indicators
above. Specifically speaking, the first factor is RM, since it is
of high alkalinity, high radioactively, even high content of
hazardous elements. The second factor is RM-SFs, which
are characterized with huge volume, improper dam design,
loose supervision, and location close to residential district.
The third factor is low degree of RM reuse. The fourth factor
is systematical analysis on the domestic- and foreign-related
statistical data. The selection processes of the other level indi-
cators’ are similar to the first level.

In order to ensure the scientificity of evaluation system, the
primary indicators are then optimized after the primary election.
In this paper, the optimal selection uses the quantitative analysis
method and correlation coefficient method to determine the de-
gree of correlations between any two indicators. As you know,
the greater the correlation degree of the two indicators is, the
worse the independence of the two indicators is. Therefore, one

of the two should be deleted. Through this process, it is found
that first level indicators on the above are non-overlapping, and
the other level indicators are optimized again.

After the optimal selection process, the indicators of the
evaluation index system are further selected through expert
consultation method and principal component analysis meth-
od. Thus, the ultimate indicators, which are expected to be
with abundant connotation and relative independence, form
a specific evaluation index system.

Establishment of the evaluation index system

Based on the above three steps, this paper finally established
an evaluation index system, which includes three levels of
indicators—5 first level indicators, 11 second level indicators,
and 37 third level indicators, as are shown in Table 1.

Characteristics of RM generally refers to “physical char-
acteristics” and “chemical characteristics” of RM, which are
the possible potential risk resource of RM-SFs. Due to differ-
ent bauxite sources and different leaching processes of baux-
ite, the physical characteristics and chemical characteristics of
RM are different distinctly. So, the physical characteristics
(e.g., water content, sizes of particulate matter, radioactivity
of RM), and chemical characteristics (e.g., chemical sub-
stances) of RM have different impacts on the environment
and, therefore, perform different environment risks. The phys-
ical characteristics usually include particle size of RM, vol-
ume weight, water content, radioactivity, etc. In this paper, we
choose these four indicators. Take the particle size of RM as
an example. It has important influence on atmospheric envi-
ronment quality and human health. The chemical characteris-
tics mainly are the chemical compositions of RM. RM leach-
ate is a potential contamination to surface water and even
groundwater. So, in this paper we choose the concentrations
of the anion and cation of RM leachate as the main indicators
at the third level. In addition, its extraction toxicity could
pollute groundwater and soil, and we also choose extraction
toxicity of RM leachate as the main indicator at the third level.

Characteristics of RM-SFs refers to “dam body character-
istics” and “dam around characteristics”. Dam body character-
istics include dam height, storage capacity, storage facility type,
downstream slope of the dam, etc. Obviously, the two most
important characteristics of dam body are dam height and stor-
age capacity. When one of them exceeds the critical values, it
has the potential risk of dam failure. In addition, the other
indicators also play important roles. For example, the smaller
the downstream slope of the dam is, the safer the dam is. In
addition, a good construction of dam around will effectively
prevent the occurrence of the dam failure. Take the construction
of slope protection as an example. Strengthening the dam slope
protection can eliminate potential dangers.

Environment of RM-SFs includes “natural environment”
and “social environment.” The investigation of natural
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environment and social environment is an important part of
environmental risk assessment. On the one hand, the risk affects
the environment, and the environmental risk tolerance of differ-
ent environment is not the same. On the other hand, the envi-
ronment affects the risk adversely, and the abominable environ-
ment can worsen risk. The natural environment usually includes
geology, landform, geological disaster, climate, meteorological
condition, water loss and soil erosion, flora and fauna, ecology,
etc. Based on local circumstances, this paper chooses geology,
landform, meteorological condition, water loss and soil erosion,
and flora and fauna as the main indicators at the third level, and
specific indicators are shown in Table 1. The social environment
usually includes population, environmental sensitive area,

agriculture and land use, etc. In this paper, we choose two main
indicators, distance between RM-SF and environmental sensi-
tive area and population density downstream of RM-SF, which
reflect the risk to the security of people’s properties and lives.

Management of RM-SFs refers to reducing the environ-
mental risk by management system, including “risk precau-
tion” and “risk emergency response.” Generally, to reduce the
environmental risk, both the risk precaution and risk emergen-
cy response have to be considered. The risk precaution usually
contains a series of safety precautions and this paper chooses
staff training and daily safety precautions. The risk emergency
response in this paper refers to four aspects—emergency exe-
cution plan, rescue support equipment, rescue channel, and

Table 1 Environmental risk evaluation index systems of RM-SFs

First level indicators Second level indicators Third level indicators

Characteristics of RM (A) Physical characteristics (A1) Size of particulate matter (A11)
Volume weight (A12)
Water content (A13)
Radioactivity (A14)

Chemical characteristics (A2) Concentration of the anion (A21)
Concentration of the cation (A22)
pH (A23)
Leaching toxicity (A24)

Characteristics of RM-SFs (B) Dam body characteristics (B1) Storage capacity (B11)
Dam height (B12)
Storage facilities type (B13)
Downstream slope of the dam (B14)
Minimum beach width (B15)
Minimum free height (B16)
Service years of RM-SF (B17)
Anti-seepage measure (B18)
Drain off leachate (B19)

Dam around characteristics (B2) Construction of slope protection (B21)
Facilities of drain off floodwater (B22)

Environment of RM-SFs (C) Natural environment (C1) Karst and fracture region (C11)
Seismic basic intensity (C12)
Debris flow hazard (C13)
Landslide hazard (C14)
Maximum daily rainfall (C15)
Mean precipitation (C16)
Vegetation coverage (C17)
Soil erosion rate (C18)

Social environment (C2) Distance between RM-SF and environmental sensitive area (C21)
Population density downstream of RM-SF (C22)

Management of RM-SFs (D) Risk precaution (D1) Staff training system (D11)
Daily circuit inspection system (D12)
Daily safety monitoring system (D13)
Daily management of drain off floodwaters and the leachate (D14)

Risk emergency response (D2) Emergency execution plan (D21)
Rescue support equipments (D22)
Rescue channel (D23)
Emergency drill (D24)

Utilization prospect of RM (E) Technology maturity (E1)

Utilization ratio of RM (E2)

National policies support (E3)
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emergency drill. Effective management of RM-SFs may re-
duce or eliminate the risk.

Utilization prospect of RM reflects reducing the storage of
RM to debase the potential environmental risk. Resource uti-
lization is an effective way to reduce the RM storage. The RM
has been applied in building materials, metal recovery, and
water treatment, etc. Unfortunately, so far, the resource utili-
zation rate of RM has been very low, about 4 %.

The letters of A, B, C, D, and E are used to represent the
first level indicators “Characteristics of RM”, “Characteristics
of RM-SFs”, “Environment of RM-SFs”, “Management of
RM-SFs”, and “Utilization prospect of RM”, respectively in
Table 1. The second level indicators and third level indicators
are used in the same form. For interpretations of the third level
indicators, see Appendix A.

Risk evaluation by AHP

Determination of weights based on the AHP

Determining the weights is related to the multiple-criteria
decision-making. As mentioned above, AHP is a practical
decision-making method and it has been chosen for the determi-
nationweights of indicators in this paper. TheAHPmethod takes
into account the different preferences between two indicators,
and it is therefore possible to detect even slight differences in
preferences between the indicators, which are taken into account
then in the process of setting the weights (Hruška et al. 2014).

In typical analytic hierarchy studies, there are 9-point
scales, ranging from 1 to 9, as shown in Table 2. Each pair
comparison enables the decision maker to evaluate the contri-
bution of each indicator to the objective, thereby simplifying
the decision-making process (Rezaei-Moghaddam and
Karami 2008). Each pair of factors in a particular factor group
is examined at a time, in terms of their relative importance.

According to Saaty’s matrix, each pair of comparison ma-
trix is formed in which Aii=1 and Aij=1/Aji. The weights of
indicators are calculated using the right eigenvector, which are
calculated from the maximum absolute eigenvalue (λmax).

λmax ¼ 1

n

Xn

i¼1

AWð Þi
wi

ð1Þ

AW ¼

a11 a12 … … a1n
a21 a22 … … a2n
… … … … …
… … … … …
an1 an2 … … ann

0
BBBB@

1
CCCCA

�

w1

w2

…
…
wn

0
BBBB@

1
CCCCA

ð2Þ

WhereW is the corresponding eigenvector of λmax,wi is the
weight for ranking.

The consistency of the judgment matrix should be tested
with calculation of the consistency index (CI), which was
proposed by Saaty (1980). And CI is defined as

CI ¼ λmax−n
n−1

ð3Þ

Where CI is the consistency index, λmax is the largest ei-
genvalue of the matrix, n is order of matrix.

The consistency ratio (CR) is a global measure for the
consistency of pairwise comparisons, which is calculated ac-
cording to the methodology proposed by Saaty (1980). On the
basis of numerous empirical studies, Saaty (1980) concluded
that CR less than 0.1 is acceptable, indicating the overall con-
sistency of the pairwise comparison matrix. CR is defined as

CR ¼ CI

RI
ð4Þ

Where RI is the average of the resulting consistency index
depending on the matrix (Xu 2002; Ying et al. 2007).

Take the first level indicators as an example. First of all, this
paper constructed the comparison matrix for between every
two first-level indicators, as shown in Tables 3, 4, 5, 6, 7, 8, 9,
and 10. And the comparison matrix was then graded by eight
experts, who came from three fields: two experts from the
tailing security industry, three experts from relevant research
institutes of safety evaluation, and another three experts from
government professional managing divisions.

Because the weakness of AHP is comparison matrix
inconsistency (Li et al. 2013), in order to solve this prob-
lem, after finishing the expert scores, the score results
were required for the consistency check. When the score
results did not satisfy the consistency check, we asked
the expert to make an adjustment until meeting the con-
sistency check. Finally, each indicator weight was de-
rived by examining the information given by the experts
after several consultation, feedback, and adjustment ses-
sions; averages were derived, and in order to reduce hu-
man error and further ensure the rationality of the
weights, each indicator weight was confirmed again by
experts. The weights of second level indicators and third
level indicators were obtained by taking the same

Table 2 Comparison scale in AHP (Saaty’s method)

Intensity of
importance

Definition Explanation

1 Equal importance i and j are equivalent

3 Slight importance i is mildly preferred to j

5 Strong importance i is strongly preferred to j

7 Complete importance i is very strongly preferred to j

9 Absolute importance i is absolutely preferred to j

2,4,6,8 / Intermediate stages
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approach. The weights were showed in Table 11. From
Table 11, it can be seen that the weight of utilization
prospect of RM is small, as a result of the low utilization
rate of RM. Although substantial researches of utilization
technologies of RM have developed in China, such as
producing building and construction material and filler,
recovery of iron and rare earth elements, adsorption of
heavy metal from contaminated water and acid from gas;
these processes are not yet commercially applicable until
now because of economic or engineering reasons (Liu
et al. 2014). RM utilization is still a challenge for China.

Calculation of comprehensive risk index

The size of the environmental risk is characterized by the
calculation of comprehensive risk index (CRI). The formula
is as follows:

CRI ¼
X

W ⋅Wi⋅Wij⋅RRI

Where:

CRI is the comprehensive risk index
W, Wi, and
Wij

are the weights of first level indicators, the
weights of second level indicators and the
weights of third level indicators, respectively

RRI is the relative risk index of third level indicators.
And the evaluation criteria of RRI of the third
level indictors are shown in Appendix A.

Grade of risk level

The risk level is characterized with CRI, which is obtained as
the product of the weights and the relative risk index. This
paper divides the CRI into four risk classes, which are trans-
lated into a qualitative classification of “high–secondary high–
medium–low”. The grade division of risk level is shown in
Table 12. In addition, considering the risk of dam failure when
the CRI of characteristics of RM-SF≥4, this paper defines the
risk as the high risk level, no matter what the CRI is.

Case Study

Background of study area

The area studied in this paper, located in Shandong province,
east of China, is one of the typical alumina production areas in
China (Fig. 1). It is a semi-arid and sub-humid continental cli-
mate with an average annual temperature of 12.9 °C, annual
precipitation of 621.8 mm, and annual evaporation of
1030.8 mm. The dominant wind direction is main northwest
in winter and southwest in summerwith an average annual wind
speed 3.0 m/s. There is no geological hazard of debris flow and
landslide in the area of the RM-SF in history and the seismic
basic intensity is VII. The extreme rainfall is 225.5 mm in a day
and the annual mean precipitation is 621.8 mm. Vegetation
coverage around the RM-SF is high and vegetation coverage
could effectively slow down the occurrence of soil erosion.

Table 3 Comparison matrix and significance scores given by the first
expert

A B C D E Weights

A 1 1 3 4 6 0.3316

B 1 1 5 5 7 0.3970

C 1/3 1/5 1 1 5 0.1191

D 1/4 1/5 1 1 5 0.1130

E 1/6 1/7 1/5 1/5 1 0.0392

λmax = 5.2502, CI = 0.0626 and CR=0.0559≤ 0.1

Table 4 Comparison matrix and significance scores given by the
second expert

A B C D E Weights

A 1 1/2 2 2 6 0.2473

B 2 1 3 4 7 0.4251

C 1/2 1/3 1 1 5 0.1478

D 1/2 1/4 1 1 5 0.1403

E 1/6 1/7 1/5 1/5 1 0.0396

λmax = 5.1093, CI = 0.0273 and CR=0.0244≤ 0.1

Table 5 Comparison matrix and significance scores given by the third
expert

A B C D E Weights

A 1 1/3 1 1/2 6 0.1603

B 3 1 3 2 7 0.4086

C 1 1/3 1 1/2 5 0.1516

D 2 1/2 2 1 4 0.2365

E 1/6 1/7 1/5 1/4 1 0.0430

λmax = 5.1538, CI = 0.0385 and CR=0.0343≤ 0.1

Table 6 Comparisonmatrix and significance scores given by the fourth
expert

A B C D E Weights

A 1 1/2 2 2 7 0.2627

B 2 1 3 3 6 0.4005

C 1/2 1/3 1 1 5 0.1516

D 1/2 1/3 1 1 4 0.1429

E 1/7 1/6 1/5 1/4 1 0.0423

λmax = 5.0986, CI = 0.0247 and CR=0.0220≤ 0.1
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There are three small villages in the northeast of the RM-SF, and
the distance between the RM-SF and villages is very close,
about 0.5 km. The population density downstream of the
RM-SF is large.

Characteristics of the RM-SF and management
of the RM-SF

The RM-SF was built in 2007, whose design capacity is
12.5 million m3. It is irregularly rectangular, with ∼600-m long
north–south and 400-mwide east–west. The height of the dam is
∼108 m. The RM-SF is built on flat ground, belonged to the flat
ground type. Degree of seepage control mainly depends on the
soil property and anti-seepage material. The bottom of the
RM-SF laid cushion of RM and lime with the thickness of 6 m
and then on top of the cushion laid PVC impervious membrane
with the thickness of 0.5 mm, the permeability coefficient of
1.2×10−11 cm/s.

Because it is made by the state-owned enterprise, the
RM-SF is better than those of private-owned enterprises in
terms of management. Firstly, the enterprise has strict daily
management specification and has operable and scientific con-
tingency plans. Secondly, the enterprise has plenty of emergen-
cy relief supplies and good supply ability, which can meet the
demand of emergency. Thirdly, the enterprise had installed the
monitoring system to implement 24-h online monitoring of the
RM-SF. In addition, the enterprise has good abilities in alarm,
emergency disposal, and emergency evacuation.

Sample analysis of RM

The particle size distribution of the RM samples of the enter-
prise is analyzed in this paper. The particle sizes are between
0.330∼133.180 μm, and the peaks appeared at 5.334 μm.
The specific radioactivity of Th-232 and K-40 is 437.2 (Bq/
kg) and 270.9 (Bq/kg), respectively, and the related risk is low.
For the major metal concentrations of RM leachate and
leaching toxicity, see Appendix B.

Evaluation results

After the calculation using the formula of CRI, we finally get
that the CRI is 5.44 points and the CRI of characteristics of
RM-SF is 2.01 points, as shown in Table 13. And then accord-
ing to the grade of risk level, the risk level of RM-SF is the
secondary high risk.

The risks of RM-SF are mainly shown in the following
aspects: the concentrations of harmful substances in leachate
are high and they will pollute the surface water and ground-
water; there are risks of dam overtopping and dam failure, due
to the high height of the dam and large capacity of the dam,
not in conformity with the relevant requirements of the mini-
mum beach width and minimum free height. In addition, the
distance between RM-SF and environmental sensitive area is
so close that there is a huge risk to the surrounding environ-
ment and the lives and properties of the residents.

Table 7 Comparison matrix and significance scores given by the fifth
expert

A B C D E Weights

A 1 1/2 4 4 7 0.2978

B 2 1 5 6 8 0.4615

C 1/4 1/5 1 1 5 0.1080

D 1/4 1/6 1 1 4 0.0966

E 1/7 1/8 1/5 1/4 1 0.0360

λmax = 5.2093, CI = 0.0523 and CR=0.0467≤ 0.1

Table 8 Comparison matrix and significance scores given by the sixth
expert

A B C D E Weights

A 1 1/2 2 2 7 0.2561

B 2 1 3 3 8 0.4101

C 1/2 1/3 1 1/2 4 0.1244

D 1/2 1/3 2 1 5 0.1716

E 1/7 1/8 1/4 1/5 1 0.0378

λmax = 5.0959, CI = 0.0238 and CR=0.0214≤ 0.1

Table 9 Comparison matrix and significance scores given by the
seventh expert

A B C D E Weights

A 1 1/3 2 2 6 0.2347

B 3 1 3 3 7 0.4386

C 1/2 1/3 1 1 4 0.1420

D 1/2 1/3 1 1 4 0.1420

E 1/6 1/7 1/4 1/4 1 0.0427

λmax = 5.1055, CI = 0.0264 and CR=0.0236≤ 0.1

Table 10 Comparison matrix and significance scores given by the
eighth expert

A B C D E Weights

A 1 1/3 1/2 1 5 0.1501

B 3 1 2 3 8 0.4160

C 2 1/2 1 2 6 0.2524

D 1 1/3 1/2 1 4 0.1418

E 1/5 1/8 1/6 1/4 1 0.0397

λmax = 5.0519, CI = 0.0130 and CR=0.0116≤ 0.1
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Conclusions and managerial implications

In this paper, a risk evaluation framework of RM-SF is devel-
oped and the risk evaluation index system of RM-SF is

established based on the AHP method. A typical RM-SF is
chosen as a case. The case application shows the applicability
of this framework in providing a valuable tool in the risk evalu-
ation process. The CRI is proposed in the evaluation of RM-SF’s
environmental risk. And in the case study, the CRI is 5.44 points
and theCRI of RM-SF characteristic is 2.01 points. According to
grade of risk level, the risk levels reached the secondary high
risk. There is a large risk to the surrounding environment be-
cause of the harmful substances in the leachate of RM, the high
height, and large capacity of the dam and the close distance
between RM-SF and environmental sensitive area.

The environmental pollution and environmental risk to-
wards RM-SFs have increasingly become prominent.
Therefore, it is urgent for the government and the alumina
enterprises to implement effective management and take
relevant measures to reduce the environmental risk caused
by RM-SFs. First of all, design of new RM-SF should
follow the design standard. All of the procedures of design-
ing new RM-SF must be normalized from site selection,
designing, damming, seepage proofing, flood drainage,
management to safety monitoring to avoid the accidents
of environmental pollution and dam failure, and ensuring
the sustainable development of RM-SFs. Secondly, gov-
ernments should strengthen environmental quality moni-
toring around the RM-SF and daily management and su-
pervision of the RM-SF. Governments should strengthen
the environmental quality monitoring, especially the mon-
itoring of groundwater and surface water, to ensure getting
the environmental pollution signal timely and take appro-
priate measures. At the same time, governments should
supervise and urge enterprises to strengthen the daily man-
agement of RM-SF and risk prevention to ensure the safety
of RM-SF surrounding environment. Finally, relative

Table 11 Weights of three levels of indicators

W Wi Wij Total Weight

A A1 A11 0.243 0.172 0.1865 0.007795

A12 0.0634 0.002650

A13 0.0796 0.003327

A14 0.6707 0.028033

A2 A21 0.828 0.2669 0.053701

A22 0.3885 0.078168

A23 0.0928 0.018672

A24 0.2518 0.050663

B B1 B11 0.420 0.873 0.2264 0.083012

B12 0.2364 0.086678

B13 0.1222 0.044806

B14 0.0506 0.018553

B15 0.0798 0.029259

B16 0.0798 0.029259

B17 0.0586 0.021486

B18 0.0744 0.027280

B19 0.0718 0.026326

B2 B21 0.127 0.5057 0.026974

B22 0.4943 0.026366

C C1 C11 0.150 0.781 0.1187 0.013906

C12 0.1786 0.020923

C13 0.1481 0.017350

C14 0.1461 0.017116

C15 0.1043 0.012219

C16 0.1996 0.023383

C17 0.0525 0.006150

C18 0.0521 0.006104

C2 C21 0.219 0.6043 0.019851

C22 0.3957 0.012999

D D1 D11 0.148 0.543 0.1294 0.010399

D12 0.1272 0.010222

D13 0.3716 0.029863

D14 0.3718 0.029879

D2 D21 0.457 0.3318 0.022442

D22 0.2055 0.013899

D23 0.3168 0.021427

D24 0.1460 0.009875

E E1 0.040 0.442 – 0.017680

E2 0.306 – 0.012240

E3 0.252 – 0.010080

W, Wi, and Wij are the weights of first level indicators, the weights of
second level indicators and the weights of third level indicators,
respectively

Table 12 Grade of risk level

CRI High Secondary high Medium Low

CRI ≥ 7 5 ≤CRI < 7 3 ≤CRI < 5 CRI < 3

Fig. 1 Location of RM-SF of Shandong in China
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enterprises ought to facilitate the construction of demon-
stration projects of low cost treatment technology and
comprehensive utilization technology. In the meantime,
governments should strengthen the financial and technolo-
gy support and promote comprehensive utilization of RM,
so as to solve the fundamental problem of environmental
pollution. At the end of this paper, it is expected that this

comprehensive evaluation method may help provide effec-
tive scientific measures to evaluate the risk of RM-SF.

Acknowledgments The authors gratefully acknowledge the financial
supports from Public Welfare Scientific Research Special Project
established by the Ministry of Environmental Protection of the People’s
Republic of China (No. 201109034).

Table 13 CRI of the case study
of RM-SF Serial number Third level indicators/

Second level indicators of utilization prospect of RM

RRI Weights CRI

1 Size of particulate matter 6 0.007795 0.0468

2 Volume-weight 9 0.002650 0.0238

3 Water content 2 0.003327 0.0067

4 Radioactivity 2 0.028033 0.0561

5 Concentration of the anion 9 0.053701 0.4833

6 Concentration of the cation 9 0.078168 0.7035

7 pH 5 0.018672 0.0934

8 Leaching toxicity 2 0.050663 0.1013

9 Dam height 9 0.083012 0.7471

10 Storage capacity 3 0.086678 0.2600

11 Storage facilities type 8 0.044806 0.3584

12 Downstream slope of the dam 6 0.018553 0.1113

13 Minimum beach width 9 0.029259 0.2633

14 Minimum free height 9 0.029259 0.2633

15 Anti-seepage measure 5 0.021486 0.1074

16 Drain off leachate 3 0.027280 0.0818

17 Service years of RM-SF 3 0.026326 0.0790

18 Construction of slope protection 4 0.026974 0.1079

19 Facilities of drain off floodwaters 3 0.026366 0.0791

20 Karst and fracture region 2 0.013906 0.0278

21 Seismic basic intensity 5 0.020923 0.1046

22 Debris flow hazard 2 0.017350 0.0347

23 Landslide hazard 2 0.017116 0.0342

24 Maximum daily rainfall 9 0.012219 0.1100

25 Mean precipitation 3 0.023383 0.0701

26 Vegetation coverage 3 0.006150 0.0185

27 Soil erosion rate 3 0.006104 0.0183

28 Distance between RM-SF and environmental sensitive area 9 0.019851 0.1787

29 Population density downstream of RM-SF 9 0.012999 0.1170

30 Staff training system 6 0.010399 0.0624

31 Daily circuit inspection system 4 0.010222 0.0409

32 Daily safety monitoring system 3 0.029863 0.0896

33 Daily management of drain off floodwaters and the leachate 3 0.029879 0.0896

34 Emergency execution plan 4 0.022442 0.0898

35 Rescue support equipments 7 0.013899 0.0973

36 Rescue channel 4 0.021427 0.0857

37 Emergency drill 4 0.009875 0.0395

38 Technology maturity 4 0.017680 0.0707

39 Utilization ratio of RM 3 0.012240 0.0367

40 National policies support 5 0.010080 0.0504

Total 1.00 5.44
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Appendix A: Evaluation criterias of the third level indictors
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Table 15 Major metal
concentrations of RM leachate Item Concentration, mg/L

mg/L

Standard, mg/L

(except pH)

Pollution index

Standard, mg/L

(except pH)

Pollution index

Pollution index

pH 10.55 6∼ 9 1.78

F− 30.4 ≤1.0 30.4

SO4
2− 1.97× 103 ≤250 7.88

Cl− 364 ≤250 1.46

Cu 0.108 ≤1.0 0.11

Cr6+ 0.010 ≤0.05 0.20

Zn 0.120 ≤1.0 0.12

Pb 0.38 ≤0.05 7.60

Cd 0.208 ≤0.005 41.6

Mn 0.030 ≤0.1 0.30

Fe 0.432 ≤0.30 1.44

As 0.031 ≤0.05 0.62

Hg 0.0003 ≤0.0001 3.00

Ni 0.54 ≤0.5 1.08

Table 16 Extraction toxicity of
RM Item Concentration,

mg/L

Hazardous component
concentration limit of
leaching
solution, mg/L

Pollution
index

pH 10.27 – –

Cr6+ 0.004 L 5 0.0008

CN− 0.0060 5 0.0012

F− 7.21 100 0.0721

Cu 0.02 L 100 0.0002

Zn 0.005 L 100 0.00005

Pb 0.1 L 5 0.02

Cd 0.006 1 0.006

Cr 0.05 L 15 0.0033

Ni 0.04 L 5 0.008

Ag 0.01 L 5 0.002

Ba 0.1 L 100 0.001

Be 0.005 L 0.02 0.25

As 0.178 5 0.0356

Se 0.0053 1 0.0053

Hg 0.0027 0.1 0.027

“L” represents the results are lower than the detection limit

Appendix B: Sample analysis result of RM for case study
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