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Abstract: In recent years attention has shifted from “dam safety” to “dam risk” due to the high loss
characteristics of dam breaks. Despite this, there has been little research on social impact assessments.
Variable fuzzy sets (VFSs) are a theoretical system for dealing with uncertainty that are used in many
industries. However, the relative membership degree (RMD) calculations required for VFSs are
complicated and data can be overlooked. Furthermore, the RMD is highly subjective when dealing
with qualitative problems, which can seriously affect the accuracy of the results. This study introduces
grey system theory (GST) which analyzes the RMD characteristics to improve traditional VFSs. A new
method for calculating the social impact of a dam break is proposed based on the correlation between
the core parameters of the two theories. The Liujiatai Reservoir is used as a test case and the new
and traditional evaluation methods are compared. The results show that the proposed method has
advantages when dealing with uncertainty that are consistent with the characteristics of the problems
associated with dam break social impact assessments. Moreover, the evaluation results obtained
using the proposed method are consistent with, or more accurate than, those obtained using the
traditional method.

Keywords: dam break; social impact evaluation; variable fuzzy set; grey relational analysis; relative
membership degree

1. Introduction

Dams have played a crucial role in the development of human societies and the progress of
civilization. Recently, they have also become an integral part of the transition from fossil fuels to
clean energy. However, as populations and cities continue to grow, the level of acceptable risk has
been decreasing and dam breaks have the potential to cause enormous disasters [1]. A dam break
occurred at the Xe-Pian Xe-Namnoy hydroelectric power plant in southeast Laos on 23 July 2018. This
incident caused at least 20 deaths in the downstream area with more than 100 people missing and
more than 16,000 people injured [2]. In February 2017, the main spillway of Oroville Dam in California
was seriously damaged during flood discharge and the emergency spillway overflowed. This led to
the emergency evacuation of more than 188,000 people in the area downstream from the dam [3]. On
27 August 1993, a dam break occurred at Gouhou Reservoir in Gonghe County, Qinghai Province,
China. The accident killed 288 people with more than 40 people missing and caused direct economic
losses of 153 million RMB [4]. Later analyses showed that the risk assessments and management for
the dams at these water conservancy facilities were insufficient. Therefore, dam break risk assessments
are an important part of dam management [5].

Historically, most attention has been given to the loss of life and economic costs associated with
dam breaks [6–9]; however, there is increasing awareness of the need for environmental protections,
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which includes the potential effects of dam breaks [10,11]. The concern of all parties regarding the
effects of dam breaks is called the social impact. For many projects under construction or already in
operation, a comprehensive evaluation should consider the financial, economic, environmental, and
social effects of a dam break, where social impact evaluations are the highest level of evaluation [12].
Social risk is an area of great concern and since its inception it has been applied in many fields, such
as vehicle fuels [13], social media communication [14], social rating philosophy and Foundations of
Banking Origin [15], wildfires [16], and raw material supplies [17]. Social impact assessments consider
many factors, including business investment, institutional culture, and engineering economy. The
amount of attention given to the social impact of hydraulic engineering construction is increasing and
the World Commission on Dams has proposed a systematic dam social impact assessment system which
provides guidelines for assessing the social impact of hydraulic projects [18–20]. Since then, the social
impact assessments for water conservancy projects and the combination of qualitative and quantitative
methods have been being adopted [21–25]. Existing research on social impact assessments for water
conservancy projects indicates that they were late to be established and that existing assessments are
focused on dam construction and operation. Few studies have focused on social impact assessments
for dam breaks. However, due to the huge loss of life and economic cost associated with dam breaks,
the social impact of such incidents should not be ignored.

Many factors must be considered as part of a dam break social impact assessment. However,
numerous evaluation factors are available and there is a considerable amount of uncertainty between
them. Consequently, the mechanisms underlying the final evaluation results are complex. On the basis
of the static fuzzy sets presented by Zadeh [26], Chen proposed a type of fuzzy set theory with dynamic
variability called variable fuzzy sets (VFSs) [27,28]. This theory is able to handle vagueness and
uncertainty in the evaluation process. Compared with many existing evaluation methods for dealing
with uncertainty, the results obtained using VFSs have been more reliable [29]. Therefore, VFSs have an
extensive range of potential applications in agricultural drought risk assessments [29,30], water quality
evaluations [31–33], environmental change point detection [34], flood risk assessments [35–37], and
river health evaluation [38]. The existing literature indicates that VFSs are rarely used to evaluate the
consequences of dam breaks, despite their ability to solve complex problems with significant ambiguity.

There is no perfect evaluation method and further improvements are required to facilitate social
impact assessments. Some studies have begun to construct new evaluation methods by combining
VFSs with other techniques. For example, Fang et al. [31] established a scientific method using the
relative membership degree (RMD) to improve the calculation efficiency. Yan et al. [33] established
a dynamic water quality assessment model using functional data analysis in combination with
VFSs. Guo et al. [35] constructed an integrated risk assessment for flood disasters based on VFSs
and improved set pair analysis, and then applied it in central Liaoning Province, China. These new
methods use VFSs to optimize the relative membership calculations [31] or to adjust the variable
parameters of the variable fuzzy comprehensive evaluation model [33]. These new methods have
simplified the operation and improved the reliability of the results to some extent. However, dam
breaks are a low probability event and it is difficult to obtain relevant data. Thus, it is impossible to
provide a considerable amount of data for dam break social impact assessments. Therefore, these
methods are not suitable and further solutions must be proposed so that the evaluation problem can be
solved efficiently.

This study aims to develop a scientific method that improves the RMD calculation in traditional
VFSs based on the characteristics of a small sample of dam break social impact assessments. It also
verifies the reliability of the results and the simplicity of the calculation process using a case study.
This new method can be further applied to other small sample evaluation problems such as dam
break events.



Water 2020, 12, 970 3 of 22

2. Theory and Methods

It is necessary to understand the principles and operational processes of VFSs in order to improve
them. Therefore, this section presents the required background and describes the proposed method.

2.1. Traditional Variable Fuzzy Set

2.1.1. Basic Definition of Relative Membership Degree (RMD)

Existing research [28,32] indicates that U is a region by a fuzzy set of opposite concepts and u is a
random element in U, i.e., u ∈ U. A and AC are, respectively, defined as continuous intervals expressed
by two endpoints 1,0 and 0,1 that correspond to attraction and repellence. The relative membership
functions of u that point to A and AC are µA(u) and µAC(u), which express the degrees of attraction
and repellence, respectively. The relative membership relationship of A and AC can be expressed by
Equation (1) and Figure 1 as follows:{

µA, µAC : U→ [0, 1]
u
∣∣∣→ µA(u), µAC(u) ∈ [0, 1]

(1)
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Figure 1. Conversion relationship between µA(u) and µAC (u).

Figure 1 shows that µA(u) + µAC(u) = 1, 0 ≤ µA(u) ≤ 1, and 0 ≤ µAC(u) ≤ 1. Therefore, a value
can be selected to indicate the changing relationship between µA(u) and µAC(u).

Let
DA(u) = µA(u) − µAC(u), (2)

where DA(u) is defined as the relative difference degree (RDD) of u to A. The mapping and diagram of
the relative difference function are expressed as Equation (3) and Figure 2, respectively:{

DA(u) : D→ [−1, 1]
u
∣∣∣→ DA(u) ∈ [−1, 1]

(3)
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The interval X0 = [a, b] is defined as the attracting set of u on the real axis, and X = [c, d] is an
extended interval with two endpoint extensions. The interval X included the X0, that is, X0 ∈ X. The
relationship between these intervals is illustrated in Figure 3.
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The intervals [c, a] and [b, d] are repellent regions of u based on analysis of VFS theory. Therefore,
the interval [a, b] is the attractive region of u. As shown in Figure 3, point M is a value within the
attracting set [a, b] that satisfies the condition DA(u) = 1 or µA(u) = 1. In addition, x is a random point
in interval X and its RDD is determined by the positions of x and M on the real axis.

When x is located to the left of M, the relative difference function can be expressed as: DA(u) =
(

x−a
M−a

)β
, x ∈ [a, M]

DA(u) = −
(

x−a
c−a

)β
, x ∈ [c, a]

. (4)

When x is located to the right of M, the relative difference function can be expressed as: DA(u) =
(

x−b
M−b

)β
, x ∈ [M, b]

DA(u) = −
(

x−b
d−b

)β
, x ∈ [b, d]

. (5)

Equations (4) and (5) must satisfy the conditions [27,32]:

DA(u) = 0 x = a or b
DA(u) = 1 x = M
DA(u) = −1 x = c or d
DA(u) = 0 µA(x) = µAC(x)
β = 1 β is a non− negative parameter

. (6)

According to Equation (2) and µA(u) + µAC(u) = 1, Equation (7) can be obtained:

µA(u) = (1 + DA(u))/2 (7)

Therefore, according to Equations (4), (5), and (7), the RMD function can be derived as follows.
When x is located to the left of M, the RMD function can be expressed as: µA(u) = 0.5

[
1 +

(
x−a
M−a

)]
, x ∈ [a, M]

µA(u) = 0.5
[
1−

(
x−a
c−a

)]
, x ∈ [c, a]

. (8)

When x is located to the right of M, the RMD function can be expressed as: µA(u) = 0.5
[
1 +

(
x−b
M−b

)]
, x ∈ [M, b]

µA(u) = 0.5
[
1−

(
x−b
d−b

)]
, x ∈ [b, d]

. (9)

2.1.2. Calculation of the Synthetic Membership Degree

(i) The object to be evaluated is assumed to have m index eigenvalues, given by:

X = {x1, x2, x3, · · · , xm} (10)

The indexes to be evaluated can also be assumed to be divided into c levels and the index standard
interval matrix for m indexes and c levels is denoted by Iab. Then,Iab is constructed as [ai j, bi j] and it
belongs to the attracting sets. The levels from 1 to c represent an arrangement from superior to inferior.
When the index belongs to the larger the better type, ai j > bi j. In contrast, when the index belongs to
the larger the worse type, ai j < bi j. The specific expression of Iab is shown as follows [27,32]:
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Iab =



[a11, b11] [a12, b12] [a13, b13] · · · [a1c, b1c]

[a21, b21] [a22, b22] [a23, b23] · · · [a2c, b2c]

[a31, b31] [a32, b32] [a33, b33] · · · [a3c, b3c]
...

...
...

. . .
...

[am1, bm1] [am2, bm2] [am3, bm3] · · · [amc, bmc]


= ([aih, bih]) = ([a, b]ih) (11)

According to Iab, the extended interval is constructed [ci j, di j] and can also be called the indicator
variable interval matrix Icd. The conversion relationship between Iab and Icd is shown as follows [28,34]:

[cih, dih] =


[aih−1, bih+1], h− 1 > 0, h < c
[ai1, bih+1], h− 1 = 0
[aih−1, bic], h = c

(12)

Therefore, the specific expression for Icd is shown as follows:

Icd =



[c11, d11] [c12, d12] [c13, d13] · · · [c1c, d1c]

[c21, d21] [c22, d22] [c23, d23] · · · [c2c, d2c]

[c31, d31] [c32, d32] [c33, d33] · · · [c3c, d3c]
...

...
...

. . .
...

[cm1, dm1] [cm2, dm2] [cm3, dm3] · · · [cmc, dmc]


= ([cih, dih]) = ([c, d]ih) (13)

(ii) The point M must be calculated. The foregoing description indicates that point Mih is a value
within the attracting set [aih, bih] that satisfies the condition DA(u) = 1 or µA(u) = 1. The first level
indicates that point Mi1 is equal to ai1, while the c-th level indicates that point Mic is equal to bic.
However, two commonly used calculation methods for the value of point Mih are available for levels
2, 3, 4, · · · , m− 1. (a) The midpoint of the standard interval [aih, bih] is used as the value of point Mih,
which can be expressed by Equation (14) [33] This method is simple and straightforward; however, the
meaning of relative membership is unclear for non-intermediate levels. (b) According to the definition
of a VFS, when M is a linear change, the general calculation formula for the value of point Mih is
Equation (15) when the changing state of Mih is linear change [39]. This method can efficiently solve
the situation in which the meaning of relative membership of non-intermediate level is unclear when
point Mih is calculated as follows:

Mih = (aih + bih)/2 (14)

Mih =
c− h
c− 1

aih +
h− 1
c− 1

bih (15)

(iii) The RMD µA(u)ih of each index to the h-th level can be calculated according to Equations
(8)–(11), (13,) and (15). The µA(u)ih of all the indexes to be evaluated can be calculated and integrated,
and then the RMD matrix of the m indexes to the c levels can be obtained as follows:

µA(u)m×c =



µA(u)11 µA(u)12 µA(u)13 · · · µA(u)1c
µA(u)21 µA(u)22 µA(u)23 · · · µA(u)2c
µA(u)31 µA(u)32 µA(u)33 · · · µA(u)3c

...
...

...
. . .

...
µA(u)m1 µA(u)m2 µA(u)m3 · · · µA(u)mc


(16)

(iv) The synthetic membership degree (SMD) can be calculated using the variable fuzzy synthetic
evaluation model. This model was developed from the variable fuzzy clustering models, the variable
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fuzzy recognition models, and the variable fuzzy optimization models. The complete derivation
process is not presented here due to space constraints. The model is expressed as follows:

u′h =


1 +


m∑

i=1
[ωi(1− µA(xi)h)]

p

m∑
i=1

[ωiµA(xi)h]
p


α
p


−1

(17)

where m is the number of recognition indicators; ωi is the weight value of the index; h is the grade
parameter; p is the variable distance parameter, usually taking p = 1 as the Hamming distance and
p = 2 as the Euclidean distance; and α is the rule parameter for model optimization, where α = 1 and
α = 2 corresponds to the least single method and least squares method, respectively.

Four corresponding combinations can be generated according to the values of α and p, and each
combination can be calculated to obtain a SMD set.

(v) The SMD matrix U′ can be obtained using Equation (17) under the four combinations, and U
can be obtained by normalizing U′. According to the definition of the level eigenvalues in the VFS,
Equations (18), (19), and (20) can be obtained as follows:

H = (1, 2, 3, · · · , c)•U (18)

H =
4∑

t=1

Ht/4. (19)

where t represents the four parameter combinations, t = 1, 2, 3, 4.
1.0 ≤ H(u0) ≤ 1.5, ∈ Grade 1

h− 0.5 < H(u0) ≤ h, ∈ Grade h, Tend to (h− 1)(h = 2, 3, 4, · · · , c− 1)
h < H(u0) ≤ h + 0.5, ∈ Grade h, Tend to (h + 1)(h = 2, 3, 4, · · · , c− 1)
c− 0.5 < H(u0) ≤ c, ∈ Grade c

(20)

Finally, the level corresponding to the object to be evaluated can be accurately calculated using
Equation (20).

2.2. Improvement of Traditional Variable Fuzzy Set

Analysis of the traditional VFS calculation process reveals that the RMD calculation for each index
is complex and laborious. This manifests as follows:

(i) It is necessary to determine the positional relationship between the values of index x and point M
at each level frequently when using Equations (8) and (9) to calculate the RMD.

(ii) The selection accuracy of the value of point M directly determines the accuracy of the RDD.
Moreover, it is convenient to use Equations (14) or (15) for the calculation when dealing with
quantitative problems. However, the core meaning for the treatment of qualitative indexes cannot
be expressed clearly and accurately based on the equations alone. Thus, the assignment experts
must have excellent assignment experience and ability. Otherwise, the lack of such requirements
will directly lead to the deviation of the calculation results.

(iii) Fuzziness can be well reflected by VFS, but the determination of the RDD of its core parameters
is highly dependent on expert experience; thus, the calculation of qualitative indexes is prone
to serious deviations [40,41]. Therefore, it is necessary to improve VFSs to utilize their accuracy
when dealing with qualitative and quantitative combinability problems.



Water 2020, 12, 970 7 of 22

The objective of this study is to develop a social impact assessment for dam breaks. However, these
are low frequency and high loss events, so it is difficult to obtain large quantities of data. Therefore,
the widely used grey system theory (GST) is introduced to improve the VFS.

Deng (1989) [42] proposed the GST, which is used to deal with the problem of uncertainty.
It focuses on fuzzy problems where the sample size is small, and the information is poor [43]. Similar
to most system analysis methods, grey relational degree (GRD) is used as the core parameter of GST
to express the processing results for various fuzzy issues. Moreover, grey relational analysis (GRA)
is required to achieve this result. The basic principle of GRA is to identify the degree of correlation
between many factors based on the geometric pattern similarity of the sequence curve. The greater the
similarity of the curves, the higher the correlation between the sequences.

GST has been applied in many fields due to its good characteristics and continuous development
by many scholars. These fields include: optimal plan selection for energy planning [43–45], optimal
supplier selection in supply chains [46], traffic safety decisions for ship navigation maneuvers [47],
reasonable distribution and prediction of urban heating [48,49], performance prediction for concrete
materials [50–52], assessment of regional agricultural water and soil resources system [53], and
comprehensive evaluation of the effectiveness of coal-fired power plants [54]. GRA has made
remarkable progress in these applications and the results are reliable and accurate. Therefore, the
improvements in the VFS in this study is achieved using the GRA in the GST.

2.2.1. Basic Concepts of Grey Relational Analysis

The basic idea of GRA is to determine close relationships between sequences according to the
similarity in the geometric shapes of their sequence curves. When curves are close, there is a strong
correlation between the sequences and vice versa [54].

Suppose the system characteristic behavior sequence (i.e., the reference sequence) is
X0 = (x0(1), x0(2), x0(3), · · · , x0(n)), then the related factor sequence (i.e., the compared sequence) can
be expressed as follows [51]:

X1 = (x1(1), x1(2), x1(3), · · · , x1(n))
· · · · · ·

Xi = (xi(1), xi(2), xi(3), · · · , xi(n))
· · · · · ·

Xm = (xm(1), xm(2), xm(3), · · · , xm(n))

(21)

At this time, Equation (22) can be expressed as follows:

γ(X0, Xi) =
1
n

n∑
k=1

γ(x0(k), xi(k)) (22)

Therefore, γ(X0, Xi) in Equation (22) is the GRD between X0 and Xi, and Equation (22) must satisfy the
following conditions [46,51]:

(i) Normalization
0 < γ(X0, Xi) ≤ 1, γ(X0, Xi) = 1⇐ X0 = Xi;

(ii) Wholeness
For Xi, X j ∈ X = {Xs|s = 0, 1, 2, 3, · · · , m; m ≥ 2 }, then γ(Xi, X j) , γ(X j, Xi), i , j can be obtained;
(iii) Even pair symmetry
For Xi, X j ∈ X, then γ(Xi, X j) = γ(X j, Xi)⇔ X =

{
Xi, X j

}
can be obtained;

(iv) Proximity
As

∣∣∣x0(k) − xi(k)
∣∣∣ decreases, the γ(x0(k), xi(k)) increases.
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In Equation (22), the γ(x0(k), xi(k)) may be expressed as follows:

γ(x0(k), xi(k)) =
min

i
min

k

∣∣∣x0(k) − xi(k)
∣∣∣+ ξmax

i
max

k

∣∣∣x0(k) − xi(k)
∣∣∣∣∣∣x0(k) − xi(k)

∣∣∣+ ξmax
i

max
k

∣∣∣x0(k) − xi(k)
∣∣∣ (23)

where k = 1, 2, 3, · · · , n, i = 1, 2, 3, · · · , m; γ(x0(k), xi(k)) is called the relational coefficient; and ξ is the
resolution coefficient where, ξ ∈ (0, 1) and it is generally taken that ξ = 0.5.

2.2.2. Similarity Analysis of the core parameters

The social impact assessment system for a dam break should combine the characteristics of the
dam-break event with uncertainty and randomness. As a theoretical method of dealing with the
problem of uncertainty, VFSs and GST are applicable. However, both have their own advantages
and disadvantages. Herein, a comparative analysis of the core parameters of the GRD and RDD are
presented. There is a quantitative relationship between the degree of the relative difference and relative
membership, as shown by Equation (7). Therefore, the RDD can completely represent the RMD at the
core parameter level.

The index characteristics of the GRD are portrayed by the relational coefficient (that is,
Equation (23)). The analysis of Equation (23) shows that the essential connotation of the relational
coefficient is the absolute value of the difference between the reference and compared sequences. The
relational coefficient is also a comparison of the relative difference between the two sets of index data.
According to the RDD presented in the previous section and in Equation (2), the core connotation of
the RDD is “attraction minus repellence”. The RDD is also the magnitude of the correlation between
the two sets of data. Therefore, the GRD and the RDD have similar essential connotations.

The disadvantages of VFSs have been described in previous sections. Analysis of these
disadvantages shows that they are concentrated in the RMD calculation. However, GRA has several
advantages as follows:

(i) GRA has an excellent effect on systematic reviews that involve a large amount of unknown
information. It can also provide excellent solutions for evaluation indexes that are difficult to quantify
or count. In the evaluation process, the effect of human factors can be excluded to obtain objective and
accurate results. Therefore, GRA can effectively solve the problem of determining the RDD by relying
on expert experience and the inability to accurately characterize qualitative indicators.

(ii) The GRA model is simple and the fast calculation process can easily be mastered by an operator.
Determining the positional relationship between the values of index x and the value of point M at each
level is often necessary for the RMD calculation in VFSs. The calculation process of the GRD is simple.
In addition, the GRA effectively avoids the difficult problem of determining the value of point M when
analyzing qualitative problems.

(iii) GRA does not require a large amount of sample data in its application. Moreover, it can
provide a scientific and correct evaluation of the entire evaluation system based on a small amount of
representative data with reliable results. It is difficult to obtain a large amount of index data for dam
break social impact assessments. Therefore, the low data requirements are an important consideration.

However, GRA also has shortcomings, particularly surrounding the determination of the
evaluation results by simply using a combination of index weights and relational coefficients. This
approach is similar to the principle of maximum membership degree in fuzzy mathematics. However,
information loss is encountered when using these principles for level judgment. VFSs use variable
parameter combinations to determine the SMD vector for each parameter combination and calculate
the corresponding level eigenvalues. Finally, the evaluation results are determined by analyzing the
level eigenvalues, and this method retains all information to the largest extent.

By analyzing the advantages and disadvantages of the two methods, a new method is proposed
to combine the most desirable features. That is, the GRD calculation process is used instead of the
RDD process.
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2.2.3. Calculation Steps of the New Method

Step 1 Determination of the evaluation object and index sets;
Suppose m evaluation objects and n evaluation indexes are available, then the original index data

matrix can be expressed as follows:

A =



a11 a12 a13 · · · a1n
a21 a22 a23 · · · a2n

a31 a32 a33 · · · a3n
...

...
...

. . .
...

am1 am2 am3 · · · amn


m×n

(24)

where ai j represents the j-th index value of the i-th evaluation object ai.
Step 2 Determination of the index reference value;

A0 = (a01, a02, a03, · · · , a0n) (25)

where a0i(i = 1, 2, 3, · · · , n) represents the optimal value of the i-th index.
Matrix B can be formed based on the original index data and reference values, and the expression

is as follows:

B =



a01 a02 a03 · · · a0n

a11 a12 a13 · · · a1n
a21 a22 a23 · · · a2n

a31 a32 a33 · · · a3n
...

...
...

. . .
...

am1 am2 am3 · · · amn


(m+1)×n

(26)

Step 3 Dimensionless processing of index values;
Indexes cannot be compared directly and the differences between them cannot be determined

correctly because the evaluation indexes involved in social impact assessments for dam breaks
have many different units. Therefore, all the initial index values in the evaluation process must
be dimensionless.

Assuming that the maximum value of the j-th index a j is S j, then:

S j = max(a j) (27)

xi j = ai j/S j (28)

where xi j is the dimensionless value of ai j.
The result of dimensionless processing on the original indicator matrix B is matrix X:

X =



x01 x02 x03 · · · x0n

x11 x12 x13 · · · x1n
x21 x22 x23 · · · x2n

x31 x32 x33 · · · x3n
...

...
...

. . .
...

xm1 xm2 xm3 · · · xmn


(m+1)×n

(29)

Step 4 Calculation of the difference in the sequence, maximum difference, and minimum difference;
The difference in the sequence can be expressed as follows:

∆0i = (∆0i(1), ∆0i(2), ∆0i(3), · · · , ∆0i(n)) (30)
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where ∆0i( j) =
∣∣∣x0 j − xi j

∣∣∣, i = 1, 2, 3, · · · , m; j = 1, 2, 3, · · · , n.
The maximum and minimum difference are given by:

∆max = max
i

max
j

{
∆0i( j)

}
(31)

∆min = min
i

min
j

{
∆0i( j)

}
(32)

where i = 1, 2, 3, · · · , m; j = 1, 2, 3, · · · , n.
Step 5 Calculation of the grey relational coefficient;
According to the dimensionless index and optimal reference values, the relational coefficient of

each index relative to the optimal value can be calculated as follows:

γi j =
∆min + ξ∆max

∆0i( j) + ξ∆max
(33)

where i = 1, 2, 3, · · · , m; j = 1, 2, 3, · · · , n; ξ is the resolution coefficient, ξ ∈ (0, 1), which is generally
taken as ξ = 0.5.

Step 6 Construction of the RMD;
Combining the description of the quantitative relationship and the core meaning of the RMD,

RDD, and GRD, means that the value of the RDD can be expressed by the value of the grey relational
coefficient. Therefore, the RDD matrix can be expressed as follows:

D =



γ11 γ12 γ13 · · · γ1m
γ21 γ22 γ23 · · · γ2m

γ31 γ32 γ33 · · · γ3m
...

...
...

. . .
...

γn1 γn2 γn3 · · · γnm


n×m

(34)

Combining Equations (7) and (34) allows the normalized RMD matrix to be expressed as follows:

µ(u)n×m =



µ(u)11 µ(u)12 µ(u)13 · · · µ(u)1m
µ(u)21 µ(u)22 µ(u)23 · · · µ(u)2m
µ(u)31 µ(u)32 µ(u)33 · · · µ(u)3m

...
...

...
. . .

...
µ(u)n1 µ(u)n2 µ(u)n3 · · · µ(u)nm


n×m

. (35)

Step 7 Determination of the index weight values;
The accuracy of the index weight values affects the final evaluation results. Therefore, this study

employed the analytic hierarchy process (AHP) method, which is widely used to calculate the index
weight value. The principle and calculation steps of this method are detailed elsewhere [37,54–56].

Step 8 Calculation of the SMD;
The SMD can be calculated by substituting Equation (35) into Equation (17).
Step 9 Judgment of evaluation results.
The SMD matrix U′ can be obtained via Step 8 under the four combinations, and U can be obtained

by normalizing U′. Finally, the evaluation results can be obtained using Equations (18)–(20).

3. Evaluation Index System

The previous sections highlighted the considerable importance of social impact assessments for
dam breaks. Moreover, the establishment of a scientific evaluation system guides the evaluation results.
However, the assessment of and research into the social impact of dam breaks are still in their infancy
across the international community. Furthermore, there is no widely accepted definition of the social
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impact of dam breaks. Therefore, the social impact of other industries or natural disasters and the
existing research results of scholars can provide a reference for the establishment of a social impact
assessment index system for dam breaks in this paper [57–59].

3.1. Establishment of Evaluation Indexes

Social impact is a measure of the human spiritual injuries and social unrest caused by the loss of
life and property, destruction of factories and cultural industries, and damage to the infrastructure
required for daily life. Here, these aspects are considered for dam breaks.

When a dam is breached, water suddenly flows at high speed, entraining soil, gravel, and
sediments and the destruction is equivalent to that of a huge flood peak. The analysis of the possible
social impact consequences of a flood caused by a dam break is shown in Table 1.

Table 1. Major behavior of a dam break and possible social impact [57].

Major Behavior of a Dam Break Possible Consequences

Large- and high-speed sudden water flows
containing soil, gravel, and sediments

Loss of human life and property
Damage to residential and basic security facilities

Damage to road, traffic, and communication facilities
Social unrest and turmoil caused by human panic

Damage to cultural heritage and cultural landscape

In addition to the situation in the downstream area, the scale of the dam has a substantial effect
on the destructive power of the flood caused by a dam break. Therefore, the height of dam and the
capacity of the reservoir should be considered as part of the evaluation.

It is difficult to scientifically sort and analyze all of the factors that affect the social impact of
a dam break due to their transient and complex behaviors. Therefore, this study relies on work by
previous scholar’s research [58] and concentrates on the social impact characteristics and dam break
behavior [7,20,21,24,59]. A set of representative indicators can be obtained by analysis and sorting
according to the principles of combining science, typicality, practicality, and qualitive and quantitative
data. These indicators are used as the index system of the social impact assessment for dam breaks in
this study. The index system is shown in Figure 4.
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3.2. Index Classification and Gradation

The study references existing research from this and other industries. The results are based on the
“Report on Production Safety Accident and Regulations of Investigation and Treatment” promulgated
by the State Council of the People’s Republic of China and “Guidelines for Emergency Preparedness
Plan of Reservoir Dam Safety Management” issued by the Ministry of Water Resources the People’s
Republic of China in combination with the unique behavioral attributes of dam breaks. Each of the
evaluation indexes are divided into five levels from light to heavy, i.e., slight, ordinary, medium,
serious, and extremely serious. The evaluation levels for the quantitative indexes, height of dam and
capacity of the reservoir, are determined using the “Standard for Classification and Flood Control of
Water Resources and Hydroelectric Project” as a reference. The evaluation level for the quantitative
index risk population is determined based on the concept of population density, i.e., it depends on the
total population of the affected area and the units are people per square kilometer. Economic aggregate
is another quantitative index; its evaluation level is determined based on the total economic value of
the affected area and the units are ten thousand RMB. These quantitative indexes can be quantified
through measurements or surveys.

The four remaining indicators are all qualitative and dimensionless. According to the principle of
scientific and average distribution, the corresponding evaluation level from 0 to 100 can be determined
by intervals. In this study, five evaluation levels are used, and the judgement interval is divided into
five equal parts which are assigned to the evaluation levels in order.

The classification and evaluation levels corresponding to each indicator can be determined through
specific analysis of the characteristics of each indicator [58,59]. It is crucial to explain the judgement
standards and connotations of the evaluation levels for each index comprehensively, so that experts can
judge the evaluation levels correctly. Tables 2 and 3 present some classification and grade suggestions
for the danger and exposure indexes.

Table 2. Classification and grade suggestions for indexes of danger.

Evaluation Level

Index of Danger

Capacity of the Reservoir
(Unit: Ten Thousand m3)

Height of Dam
(Unit: m)

Slight (10,102) (0,10)
Ordinary (102,103) (10,20)
Medium (103,104) (20,30)
Serious (104,105) (30,60)

Extremely serious (105,106) (60,100)
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Table 3. Classification and grade suggestions for indexes of exposure.

Evaluation Level

Index of Exposure

Risk Population
(Unit: Ten Thousand People)

Economic Aggregate
(Unit: Ten Thousand RMB) Engineering Grade The Level of City Important Facilities Cultural Relics

Slight (0,50)
Extremely underdeveloped

economy
(10,102)

Fifth-class project
(0,20)

Scattered residents
(0,20)

Transportation, transmission,
oil, and gas facilities of a town

level
(0,20)

General cultural relics, works
of art, animals, and plants

(0,20)

Ordinary (50,200)
Underdeveloped economy

(102,103)
Fourth-class project

(20,40)
Village
(20,40)

Transportation, transmission,
oil, and gas facilities of a

county level
(20,40)

Cultural relics, works of art,
animals, and plants of a

county level
(20,40)

Medium (200,400)
Medium economy

(103,104)
Third-class project

(40,60)
Seat of a township government

(40,60)

Transportation, transmission,
oil, and gas facilities of a

municipal level
(40,60)

Cultural relics, works of art,
animals, and plants of

provincial and municipal
levels
(40,60)

Serious (400,600)
Developed economy

(104,106)
Second-class project

(60,80)

Seat of a county or
prefecture-level city

government
(60,80)

Transportation, transmission,
oil, and gas facilities of a

provincial level
(60,80)

Cultural relics, works of art,
animals, and plants of a

national level
(60,80)

Extremely serious (600,1200)
Extremely developed

economy
(106,108)

First-class project
(80,100)

National capital city or
municipality or provincial

capital or key development city
(80,100)

Transportation, transmission,
oil, and gas facilities of a

national level
(80,100)

Cultural relics, works of art,
animals, and plants of an

international level
(80,100)
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4. Result

The Liujiatai Reservoir was considered as an example and the improved VFS was applied to
evaluate the social impact of a dam break to verify the accuracy and reliability of the proposed method.

The Liujiatai Reservoir is located in Yi County, Baoding City, Hebei Province, China. The reservoir
has a controlled drainage area of 174 km2 and its total capacity is 40,500,000 m3, which makes it a
medium-sized reservoir. The dam is mainly constructed from clay and silty clay. The dam has a
maximum height of 35.8 m and the top is 295 m long and 5 m wide. The national railway trunk
lines of Beijing-Guangzhou Railway, Beijing-Shijiazhuang Railway, and national highway trunk line
Beijing-Hong Kong-Macao Expressway are located approximately 30 km east of Yi County. Meanwhile,
the Beijing-Yuanping Railway passes through the north of Yi County. There are six national key cultural
relic protection units and eight provincial key cultural relic protection units in Yi county. In addition,
there are world-class cultural relics in the form of the Western Royal Tombs of the Qing Dynasty and
the Jingke Pagoda which was built in the third year of Qiantong in the Liao Dynasty (i.e., 1103 A.D).

The Liujiatai Reservoir broke at 4 a.m. on 8 August 1963. During the breach, the maximum flow
was approximately 28,600 m3/s and the average flow was 23,000 m3/s. Investigation revealed that
the water caused damage to varying degrees across 68 villages in Yixian County, Mancheng County,
Shunping County, and Baoding City within 30 km downstream of the reservoir. In these areas, a total
of 64,941 people were affected, and the total economic loss was 15,000,000 RMB.

A schematic showing the location of the Liujiatai Reservoir prior to its failure was produced using
relevant historical data, as shown in Figure 5.
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4.1. Weights and Values of the Indexes

It is necessary to calculate the weight of each indicator to evaluate the social impact of a dam
break accurately and comprehensively. In this study, the weight value of each index was calculated
using the AHP method introduced in Section 2.2.3. This method is excellent for processing mixed
qualitative and quantitative problems. In general, experts compare the mutual importance of indicators,
establish a judgment matrix after scoring, and then conduct the processes of importance ranking and a
consistency check. Finally, the weight of an evaluation index can be calculated. The index weights for
the evaluation system are shown in Table 4.

Table 4. Weights of each index in the evaluation system.

Evaluation System Target Layer
(ωi)

Index Layer
Weights

(ωij)
Weights

(ωn)

Indexes of social impact
assessment of dam break

Danger
(ω1 = 0.53)

Height of dam 0.400 0.212
Capacity of the reservoir 0.600 0.318

Exposure
(ω2 = 0.47)

Risk population 0.130 0.061
Economic aggregate 0.196 0.092
Engineering grade 0.217 0.102

Level of city 0.174 0.082
Important facilities 0.109 0.051

Cultural relics 0.174 0.082

Notes: ωn represents the weight value of each index in the index layer relative to the evaluation system,ωn = ωi ×ωi j.

Dam breaks are low-probability events, so it is difficult to obtain a considerable amount of
data. Moreover, social impact assessments are predictive assessments that involve many qualitative
indicators. Therefore, the indicator data in this study were obtained through expert judgment and
scoring based on Table 3, the actual project, statistical analysis of data, and reference to relevant
literature. This step ensures that the data values to be evaluated accurately reflect the actual situation.
Thus, the index values of the dam break social impact assessment for the Liujiatai Reservoir were
determined, as shown in Table 5.

Table 5. Values of various indexes of the dam break social impact assessment for the Liujiatai Reservoir.

Evaluation Indexes Actual Status Description Value of Evaluation (xi)

Height of dam Actual value 35.8
Capacity of the reservoir Actual value 4050

Risk population Actual value 373
Economic aggregate Actual value 1500
Engineering grade A third-class project, close to second-class 41.5

level of city Baoding city is a key development city
downstream of the reservoir 84

Important facilities Many national railway and highway trunks
are found downstream of the reservoir 91.5

Cultural relics The downstream area contains many items of
national and world-class cultural heritage 97.5

4.2. Calculating the Relative Membership Degree of Indexes

An improved VFS was used in this paper to conduct a social impact assessment for the dam break
at the Liujiatai Reservoir. Combined with a review of the calculation steps of the proposed method, the
grey relational coefficient was calculated first.

The median of each index evaluation interval in Tables 2 and 3 were used to construct the original
index data matrix, which is expressed using Equation (24) to ensure that the data can be used to the
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greatest extent. According to Tables 3 and 5 and Equations (24)–(33), the calculation result of the gray
correlation coefficient matrix can be expressed as Equation (36) as follows:

γ =


0.5650 0.9857 0.5639 1.0000 0.5883 0.3782 0.3557 0.3396
0.6579 0.9875 0.6447 1.0000 0.7965 0.4546 0.4225 0.4000
0.7874 0.9948 0.8604 0.9999 0.8411 0.5696 0.5202 0.4865
0.8130 0.8437 0.7799 0.9805 0.6123 0.7627 0.6767 0.6207
0.4751 0.3350 0.4606 0.3333 0.4813 0.8824 0.9678 0.8572


(36)

According to the definition in step 6 of Section 2.2.3, the RDD and RMD matrixes can be expressed as
Equation (37) and Equation (38), respectively, as follows:

D =



0.5650 0.6579 0.7874 0.8130 0.4751
0.9857 0.9875 0.9948 0.8437 0.3350
0.5639 0.6447 0.8604 0.7799 0.4606
1.0000 1.0000 0.9999 0.9805 0.3333
0.5883 0.7965 0.8411 0.6123 0.4813
0.3782 0.4546 0.5696 0.7627 0.8824
0.3557 0.4225 0.5202 0.6767 0.9678
0.3396 0.4000 0.4865 0.6207 0.8572


(37)

µ(u) =



0.7825 0.8290 0.8937 0.9065 0.7375
0.9929 0.9937 0.9974 0.9219 0.6675
0.7820 0.8224 0.9302 0.8900 0.7303
1.0000 1.0000 0.9999 0.9902 0.6667
0.7941 0.8982 0.9206 0.8061 0.7406
0.6891 0.7273 0.7848 0.8814 0.7412
0.6779 0.7113 0.7601 0.8384 0.9839
0.6698 0.7000 0.7432 0.8104 0.9286


(38)

Therefore, the normalized RMD matrix can be expressed as follows:

µ′(u)8×5 =



0.1886 0.1998 0.2154 0.2185 0.1778
0.2171 0.2173 0.2181 0.2016 0.1460
0.1882 0.1979 0.2239 0.2142 0.1758
0.2147 0.2147 0.2147 0.2126 0.1432
0.1909 0.2159 0.2213 0.1938 0.1781
0.1713 0.1807 0.1950 0.2190 0.2339
0.1707 0.1791 0.1914 0.2111 0.2477
0.1739 0.1817 0.1930 0.2104 0.2411


(39)

4.3. Determining the Evaluation Level

The SMD results under the four parameter combinations can be calculated according to
Equation (17). The matrix of normalized SMD of indexes can be represented by U, as is expressed in
Equation (40) as follows:

U′ =


0.1967 0.2041 0.2126 0.2088 0.1778
0.2040 0.2089 0.2149 0.2067 0.1655
0.1912 0.2086 0.2295 0.2199 0.1508
0.2069 0.2189 0.2340 0.2133 0.1269

 (40)
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According to Equations (18)–(20), the level eigenvalue for each evaluation index can be calculated
based on the new method, as shown in Table 6.

Table 6. Results of SMD and level eigenvalues of a social impact assessment for a dam break.

Four Parameter
Combinations

Membership
Degree

Level
I

Level
II

Level
III

Level
IV

Level
V

Level
Eigenvalue (H)

¯
H

α = 1
p = 1

Normalized
SMD 0.1967 0.2041 0.2126 0.2088 0.1778 2.9667

2.9132

α = 1
p = 2

Normalized
SMD 0.2040 0.2089 0.2149 0.2067 0.1655 2.9207

α = 2
p = 1

Normalized
SMD 0.1912 0.2086 0.2295 0.2199 0.1508 2.9307

α = 2
p = 2

Normalized
SMD 0.2069 0.2189 0.2340 0.2133 0.1269 2.8346

Notes: Level I–V represent slight to extremely serious, respectively.

The results in Table 6 show that the average value of the level eigenvalue was
−

H = 2.9132.
Combined with the definition of the level eigenvalue judgment in the VFS and Equation (20), the final
evaluation level was Level III (medium). That is, the social impact risk evaluation for the dam break at
Liujiatai Reservoir was “medium”.

The results obtained using the proposed method were compared with those obtained using
traditional VFS, as shown in Table 7. This further verifies the correctness and reliability of the
proposed method.

Table 7. Comparison of the dam break social impact assessment for the Liujiatai Reservoir conducted
using different methods.

Evaluation Method Slight Ordinary Medium Serious Extremely Serious

New method - - 2.9132 - -
Traditional VFS - - - 3.6849 -

5. Discussion

Comparison of the results obtained with the proposed method and traditional VFSs (see Table 7)
demonstrates the following:

(1) The proposed method gave an evaluation result of Level III and an average level eigenvalue of
2.9132. However, this is very close to 3.0000, and according to the definition of Equation (20), then

the evaluation level will belong to Level III and tend to Level IV once
−

H exceeds 3.0. Meanwhile, the
evaluation result obtained using traditional VFSs was Level IV; combined with the analysis of Equation
(20), the result tends to Level III. Therefore, the evaluation results were similar for both methods. This
indicated that the method proposed in this study was effective when evaluating the social impact of
dam breaks.

(2) The traditional VFSs only considered the evaluation level interval and the adjacent level
standard interval corresponding to the actual value during the RMD calculation, and the separated
level standard intervals were uniformly treated as 0. This method causes a considerable amount of
information loss regarding the indexes for evaluation. Equation (41) is an RMD matrix obtained by
using the calculation method of RMD in traditional VFS. The foregoing problems can easily be found
by analyzing the data in the matrix. The RMD matrix calculated by the proposed method (shown in
Equation (38)) considered all the information corresponding to the indexes. The relative membership
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relationship between the actual value of the indicator and the standard value of the level can be
expressed comprehensively and reasonably.

µ =



0 0 0.403 0.629 0.097
0 0.331 0.839 0.169 0
0 0.068 0.635 0.433 0
0 0.472 0.556 0.028 0
0 0.463 0.575 0.038 0
0 0 0 0.400 0.600
0 0 0 0.213 0.787
0 0 0 0.063 0.937


(41)

(3) The social impact assessment level obtained using the proposed method was “medium” and
that obtained using traditional VFSs was “serious”. Hence, there was a difference between the two
results. By analyzing the weight of each index and its corresponding evaluation level, the capacity
of the reservoir, risk population, economic aggregate, and engineering grade were all evaluated as
“medium”. Table 4 shows that the sum of the weights of these indicators was 0.573, which represents
a large weight in the total evaluation indexes. Therefore, evaluating the social impact assessment
of the dam break as “medium” is scientific and reasonable. This result indicates the accuracy of the
proposed method.

(4) GRA has advantages when dealing with the ambiguity associated with small samples and
the calculation process is simple, efficient, and accurate. Simultaneously, GRA is widely used in
many fields due to its unique advantages. The core of the proposed method is the optimization and
improvement of the RMD calculation process. It analyzes the consistency between the core concepts
of the GRA and RDD, and then chooses to replace the RDD calculation with the GRA calculation.
Compared with traditional VFSs, the proposed method considerably simplified the RMD calculation,
which will become increasingly evident as more indicators and objects are used for evaluation.

(5) The proposed method further improved the accuracy of the calculation results. It used GRD
to replace the RMD calculation process to avoid uncertainty in the value of M in Equations (4), (5),
(8), and (9), and this uncertainty is especially reflected in the processing of qualitative indicators.
Although the VFSs was given the calculation equation for the value of M, this equation was based on
the characteristics of linear changes in use (such as Equations (14) and (15)). However, the processing
of qualitative problems demonstrates nonlinear changes. Therefore, the determination of the M
value must take the form of expert assignment. Experts with insufficient experience would result in
deviations in the results. However, no such problem is observed in the calculation of the GRD, and the
objectivity and rationality of the evaluation process can be guaranteed to the largest extent.

(6) An appropriate evaluation index system is necessary to ensure the accuracy of the dam break
social impact assessment. The size of surrounding and downstream cities, industrial facilities, and
humanities vary depending on the location of the dam. Thus, corresponding adjustments must be
made to the evaluation index system. Once the evaluation system and index weights have been
adjusted according to the characteristics of the subject, the proposed method is still effective in dam
break social impact assessments under the new evaluation index system.

(7) According to Equation (17), it can be found that the evaluation results have a significant
mathematical relationship with the weight value, and the evaluation results vary with the weight
value of each index changes. Preliminary analysis demonstrated that the greater the weight of an
index the greater the sensitivity. That is, the sensitivity of this index to changes in weight is higher, and
the sensitivity of others also basically corresponds to its own weight. AHP as the weight calculation
method in this paper, which has its corresponding scientificity and accuracy. It can be concluded
that the weights initially determined in this paper are reasonable and effective. In the meantime,
a lot of scientific weight calculation methods can also be applied to the weight calculation of the
indexes to be evaluated. Due to word limit for this paper, the comparison of the differences in the
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calculation methods of the weights, as well as the sensitivity analysis for the weights of the indexes to
the evaluation results, can be the perspectives of further research.

6. Conclusions

For society and the economy to develop, it becomes increasingly important to evaluate the social
impact of dam breaks. However, the traditional method does not integrate all the characteristics of the
problem. Thus, the evaluation results have low accuracy and reliability. This study presents a new
and improved version of traditional VSFs and introduces the widely known GST. Due to the high
consistency between the parameters in the core concepts of the GRD and RDD, the RMD calculation is
replaced by the GRD calculation.

The proposed method has the following advantages:
(i) It simplifies the RMD calculation, avoids judgment of the positional relationship between the

actual value of the indicator and the value of M, and substantially improves the calculation efficiency.
The superiority of the proposed method was demonstrated by the evaluation of several indicators.

(ii) Determination of M in the traditional method relies heavily on expert experience, especially in
the judgment of qualitative indicators. Thus, the experts’ ability to assign values directly affects the
accuracy of the results. This means that the results can be highly subjective. The proposed method
replaces the RMD calculation with the GRD calculation, which effectively avoids this problem and
provides objective and comprehensive results.

(iii) Table 7 shows the actual values and weight values of the indexes. The results obtained using
the proposed method were accurate, reasonable, and consistent with the actual situation.

(iv) The GST has advantages when solving problems with little sample data, difficult quantification
of indicators, and high ambiguity. The characteristics of the dam break social impact assessments
include a small amount of data and high ambiguity. Therefore, the introduction of the GRD was helpful
in solving the problems considered in this work.

This study proposed a new method for evaluating the social impact assessment level of dam
breaks. The results of the method proposed in this paper can be applied to the risk assessment of dam
construction in the early stage. On the one hand, based on the planning of rivers and the allocation
of urban resources in downstream areas, the location of the dam can be reasonably determined, so
that the downstream risk after the dam break could be reduced to a predictive minimized level.
On the other hand, the results also can predict the level of damage that could be suffered in the
downstream area before the actual disaster occurs, thereby providing guidance for the adoption
of targeted control measures such as rational allocation of urban resources and increased defense
measures by the government and other decision-making agencies to reduce social risks. The proposed
method can also be applied to other engineering evaluation fields based on the actual characteristics of
the problem to be evaluated.
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