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Abstract

Uncertainty is inevitable in the safety monitoring and evaluation process of earth-rock dam. Such uncertainty makes the
accurate reflection of the running status of earth-rock dams of traditional safety assessment results impossible. Thus, this
study proposed a safety assessment model of earth-rock dams based on the combination weighting method of ideal point
and the cloud theory model. The proposed model was used to scientifically solve the uncertainty during the safety
assessment of earth-rock dams. Real and reliable weights of indexes were determined using the combination weighting
method based on the ideal point. Then, the safety evaluation grade ranges of each evaluation index were divided on the
basis of the measured data. These grade ranges were “softened” by combining cloud theory. The proposed safety
assessment model was applied to an earth-rock dam in the reservoir of a pumped storage station in Tai’an City, Shandong
Province, China. Results demonstrate that: (1) the proposed model can effectively solve fuzzy and random problems
during the safety assessment of earth-rock dams, and (2) the results show that the safety of the investigated earth-rock
dam is in a normal running state. This outcome reflects the actual conditions of the earth-rock dam. The proposed model

provides references in the diagnosis and decision making in the earth-rock dam management department.
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1. Introduction

China possesses more than 98,000 reservoir dams, which is
the highest number in the world. Approximately 95% of
these dams are earth-rock ones, and most of which are old
dams constructed in the 1980s. Several dams have low
safety or design standards due to historical reasons and
economic and technological conditions at that time. After
years of running without repair, approximately 1/3 of these
dams encounter numerous potential risks and aging diseases.
Such conditions influenced the engineering benefits and
even threaten the life and property safety of the citizens
downstream. The state and performance of earth-rock dams
are continuously changing under various external forces due
to complicated natural conditions. Dams are facing different
degrees of aging, diseases, and cracks with time due to
artificial factors in the material performance and
construction process. The safe operations of dams may be
affected and may even cause disastrous accidents, such as
dam breach, under serious conditions due to the delayed
diagnosis of these defects or hidden risks. The safety of
earth-rock dams must be tested and evaluated, possible
anomalies must be determined, and measures must be
adopted by using effective technical means to repair and
control structural damages.

The safe operation and management of reservoir dams
and their safety monitoring data are full of uncertainties due
to the following reasons: 1) The service conditions of dams
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are complicated, and their diseases, such as deformation,
seepage, and stress, are reflected in many aspects; 2) Dams
have extremely complicated structure. A dam’s body has
many material zones, strong nonlinearity, and great
discreteness. Material parameters change during the
operation of engineering projects; 3) Dam safety is
influenced by hydrological, meteorological, geological, and
construction conditions, terrain, and running management.
These influencing factors continuously change [1,2,3]. The
aforementioned analysis suggests that such uncertainties
determine the difference between the safety assessment of
dams from that of a general structure. Thus, the safety
assessment method for earth-rock dams must be accurate
and able to scientifically solve these uncertainty factors.

2. State of the art

Traditional safety assessment methods for earth-rock dams
are divided into two main types. In the first type, the
monitoring and detection data of single monitoring indexes,
such as deformation and seepage, are analyzed. Then, many
mathematical monitoring models are constructed by using
mathematical and mechanical methods to safely assess and
monitor dams. The health conditions of earth-rock dams are
analyzed and monitored on the basis of the obtained models.
Ding et al. [4] performed a finite element analysis on the
basis of a 300-m ultrahigh core-wall rock-fill dam in China.
In the finite element analysis, stress-deformation
characteristics, such as dam body stress, arch effects in
central core, deformation distribution of the dam body,
excess water pressure distribution in central core, and
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horizontal stress distribution on the dam body, were
summarized. Chen et al. [5] investigated the structural safety
performance of Dashixia concrete faced rock-fill dam based
on a large triaxial test and detailed finite element numerical
analysis of dam materials. Rashidi et al. [6] conducted a 2D
numerical analysis on the largest cross section of the
Gavoshan Dam and evaluated its behavior and status during
construction and the first impounding using measured and
inverse analysis data obtained through finite difference
method. Min et al. [7] performed a 3D inverse analysis,
simulated the running state of dam, and evaluated the dam
safety based on the dam stress, deformation, and seepage
observation data of the dam body. However, this type of
safety assessment method cannot timely reflect the running
state of earth-rock dams. Instead, a certain hysteresis exists.
Although monitoring the effects are superficially
independent, certain connections exist among different
monitoring effects, such as deformation, seepage, and stress,
thereby causing difficulty in the accurate diagnosis of the
health conditions of earth-rock dam by using the
aforementioned method. The second type of assessment
method considers earth-rock dam as a system model of the
combined actions of all evaluation indexes. The detection
data of different evaluation indexes are analyzed using an
optimization algorithm for safety assessment. Wei et al. [§]
established a performance function of dam hidden trouble
deformation and abnormal deformation using artificial
neural network and statistical model. Then, they analyzed
the safety reliability and sensitivity of dams based on
reliability theory and concluded that temperature influenced
the probability of potential and abnormal deformations of
reservoirs more than the reservoir water level. Liu et al. [9]
developed a novel combined model for dam deformation
prediction using the gray model and the back-propagation
neural network model to achieve the purpose of real-time
diagnosis of the dam. Li et al. [10] constructed a dam safety
assessment model by combining Adaptive Boosting
algorithm and BP neural network. This model can
effectively reduce network error and increase network
convergence speed. This type of method can realize rapid
assessment under the assistance of a computer but neglects
the uncertainties in earth-rock dam assessment, thereby
resulting in error between assessment results and actual
situations.

Many associated studies have solved the uncertainty
problems in the safety assessment of earth-rock dams and
obtained assessment results that reflect the running state of
earth-rock dams. Currently, uncertainty problems in the
safety assessment of earth-rock dams are mainly solved
using fuzzy set theory. Kucukali [11] applied fuzzy logics in
hydropower safety assessment and classified the safety risks
of hydropower engineering into several grades according to
logical reasoning results. Fu et al. [12] analyzed the
probability of earth-rock dam breach through an event tree
analytical method based on fuzzy set theory and verified the
method’s validity by combining examples. Peng et al. [13]
constructed a safety assessment method of earth-rock dams
based on multilayer fuzzy evaluation under the assistance of
fuzzy mathematics and analytic hierarchy process (AHP)
theory. Zheng et al. [14] investigated the risk identification
of dams based on fuzzy AHP and the cross entropy of the
interval-valued intuitionistic fuzzy sets and recognized the
main factors that influence the safety of earth-rock dams. Ji
et al. [15] discussed the safety of a hydropower station and
calculated the objective weights of different safety
assessment indexes using entropy weight method. They also
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determined the risk level of the hydropower station using the
fuzzy technique according to its similarity to an ideal
solution. However, the fuzzy set fails to solve the
uncertainty. In particular, the fuzzy set abandons
randomness and only reflects fuzziness when investigating
uncertainties that contain fuzziness and randomness. Thus,
the fuzzy set cannot effectively solve uncertainty problems
in the safety assessment of earth-rock dams.

In this study, a safety assessment model for earth-rock
dams is constructed by combining cloud theory [16] and the
combination weighting method based on ideal point. The
model can reasonably and completely solve uncertainty
problems and determine the accurate weights of evaluation
indexes. Cloud theory considers fuzziness and randomness.
Likewise, the proposed model can fully reflect fuzziness and
randomness in earth-rock dams based on the dual
uncertainty reasoning of the cloud model. The model applies
the combination weighting method based on ideal points to
avoid shortages of single and traditional weighting methods
in determining the real and effective combination weights.

The remainder of this study is organized as follows.
Section 3 establishes the safety assessment model. Section 4
discusses the applicability of the method through case
studies, and finally, the conclusions are summarized in
Section 5.

3. Methodology

3.1 Determining the weights of evaluation indexes

The operational state of earth-rock dam is reflected by using
the monitoring and inspection data at different measuring
points on distinct positions for various purposes [17].
Numerous evaluation indexes that influence the operational
state of the dam must be considered in the safety assessment
of earth-rock dams. However, determining the subjective
and objective weights of different indexes and reasonably
combining them are key problems. At present, the main
subjective weighting methods include AHP and best—worst
multi-criteria  decision-making method [18,19]. The
calculated subjective weight mainly reflects the importance
of evaluation indexes and is not influenced by index values.
The main objective weighting methods include entropy
weight [20], data envelopment analysis [21], and criteria
importance through intercriteria correlation [22]. The
objective weight is calculated by the actual values of
evaluation indexes and is influenced by the numerical values
of the indexes. Generally, the objective weight of the
evaluation indexes cannot directly reflect the importance of
the indexes. In this study, we calculate the combined weights
by using the combination weighting method based on ideal
points.

3.1.1 Determining subjective weights based on improved
AHP (IAHP)

Thomas L. Saaty [23] proposed the AHP theory in 1990.
When the evaluation system involves many indexes, a
consistency test must be continuously performed to the
judgment matrix. This approach requires heavy calculation
loads. In the calculation process, the judgment matrix may
have poor consistency and even fail the consistency test,
thereby making the determination of subjective weights
difficult. IAHP [24] was utilized to resolve this issue. This
method with self-adjustment feature, more reasonable scale
value, and higher judgment transmission compared with the
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traditional AHP method, thereby resulting in more accurate
calculated weights.

The basic steps of the IAHP method are introduced as
follows. Experts with experiences are encouraged to
incorporate the evaluation indexes in the safety assessment
system of earth-rock dams in an order according to relative

I 1 4 tt, Lt
1/t, 1 t, Lt
1/tt, 1/t, 1 t,
R= 1ttt 1/t 1/t 1
Uttt , 1ttt , 1/ttt , 1/ttt _,
UVttt 1/ttt o U/ttt 1/ttt

The judgment matrixes constructed through this matrix
are consistent and does not require a consistency test,
thereby simplifying the calculation process and its practical
applications. The weights are calculated by solving Eq. (2):

n n n
,Lt. =n r. / E n r.
1 y g
=1 i=1 \ Jj=1

where u, is the subjective weight of different safety

(@)

assessment indexes of earth-rock dams, and r is the ratio

scale of elements i and j in the judgment matrix R. The
definitions of the evaluation indexes are listed in Table 1.

Table 1. Scales and definitions of the judgment matrix

Scale Definition
1 Two factors are equally important.
1.2 One factor is slightly more important than the other one.
1.4 One factor is evidently more important than the other one.
1.6 One factor is significantly more important than the other one.
1.8 One factor is absolutely more important than the other one.

3.1.2 Determining objective weights based on entropy
weight method
The concept of “information entropy” was proposed by Shen
Nong in 1948. This method measures the uncertainty of a
random event and can be regarded as the probability of
occurrence of a specific information. Objective weights
determined through information entropy can express the
intensity of competition among evaluation indexes, and
assessment results change with the values of evaluation
indexes. Therefore, the entropy weight method can solve
several problems that involve big information size and
difficult quantization of safety assessment indexes of earth-
rock dams.

The basic steps of entropy weight method are introduced
as follows. The safety evaluation index  set

U = (u,,u,,...,u, ) of an earth-rock dam is composed of n
evaluation indexes of the operational state of the dam, and
the set ¥V =(v,v,,~--v, ) consists of m
assessments. Section 3.3 states that when m=5, the

assessment results are normal, basically normal, slightly
abnormal, strongly abnormal, and seriously abnormal.

assessment "
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importance x, 2x,2---2x, . The judgment matrix is
represented by Eq. (1), where ¢, is the scale ratio between

indexes x, and x,,, . The element values in the judgment

matrix are calculated according to transmission.

Ly,
Lyt
Lyl
bt (D)
Ly
1

Indexes (u,) in the safety assessment set are evaluated,

through which the primary fuzzy mapping f(u,) from U to

V' is obtained. A fuzzy judgment matrix F [25] is constructed
on the basis of relevant knowledge on fuzzy transformation
manifests.

Jo S Fin
F= fZl f22 -f%m (3)
f;:l fnZ -f;rm
The entropy of the evaluation index i is:
1 m
=———) f.Inf, 4
S g

J=1

Specifically, when f,=0, f.Inf =0 . Therefore, the

objective weight (¢, ) of different indexes is:

p~(1)/(n=Ye). (059,51 Y9,=1) ®)

3.1.3 Combination weighting method based on ideal
point

The traditional combination weighting method can cause
“distortion” in the index weight. The traditional method can
neither simultaneously consider the advantages of subjective
and objective weights nor determine the real objective
combination weights. Therefore, the combination weighting
method based on ideal point is applied in this study [26].

The main principle of the combination weighting method
based on ideal point is to approach the ideal function as
much as possible and calculate the weights of different
indexes through the mathematical model. The subjective
weights of different indexes that are determined using the

IAHP method are represented by p=(u,,p1,,....0,) >

whereas the objective weights calculated by the entropy
weight method are expressed as @ =(¢,,,,...,9,) . The

combination weights after ideal point weighting are
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0=(0,0,,..,0,) . If the ideal weights of different

evaluation indexes are recorded 17; =(j=12,...,n), then the

ideal scheme is 4" =(x,x,,....,x,)=(0n,,0,1,,....,0.1,) .

The distance between the ideal point and scheme i is
calculated as:

d, ={i(y,y—y;)2}2 ={i[(77,,-—77;)w,:| } ©

j=1

A small d. value implies that scheme i is close to the

ideal scheme. The vectors are unified for the convenience of
calculation and expressed as follows:

V H
‘u - 2 2 2 (7a)
W+
v %
(p - 2 2 2 (7b)
ng +§02+...+(pn
o' o (7c)

2

n

wa +0l .40

The square of the distance between scheme A4, and the
ideal point that corresponds to the three weight matrixes,
namely, 1, @,®, are expressed as:

2
n

B = 2] (1, =) (s)
iy = g[(ni/ - n/)(p./ ]2 (8b)
L=, )] (80

J=1

The difference between the weights of combination
weighting and subjective and objective weights should be
minimized, as shown in Eq. (9).

—d?

(")

S = [drim - dim}z h [df(w‘) T -

S0, (07-7)] 5[0~ o707

J=1

N C)

This expression illustrates a problem about an extreme
value of the function, and the constraints are:

(10)

En:wvz =1
Jj=1

©'>0,j=12,..n
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The extremes of this function are calculated by using a
Lagrange function, and the result is expressed as:

a)'=,/(,u;2+(p‘;2)/2 (j=12,...,n) (11)
The calculated combination weight is:
w=0/IYo  (j=12...n) (12)
Jj=1

3.2 Cloud theory

3.2.1 Basic definition of cloud

Let U be a quantitative domain expressed in accurate
numerical values and C be a qualitative concept on U. If the
quantitative value x € U, then x is the random
implementation of C, and the degree of certainty of x to C
(u(x) € [0,1]) is a random number with a stable trend. x
distribution on U is called the cloud, and each x is defined as
one cloud drop (x, £4(x)).

The cloud properties are presented as follows:

(1) The random implementation mentioned in the
definition is realized under the significance of the
probability. The degree of certainty mentioned in the
definition not only refers to the membership under the sense
of fuzzy set but also to the distribution under the sense of
probability. This implementation reflects the correlation
between fuzziness and randomness.

(2) For any x€ U, the mapping from x to the interval [0,1]
is a one-to-more transformation. The degree of certainty of x
to C is a probability distribution but not a fixed numerical
value.

(3) The cloud is composed of cloud drops that scatter
around without order. A cloud drop refers to the primary
implementation of the qualitative concept on quantity. A
large amount of cloud drops can effectively reflect the
overall characteristics of the qualitative concept.

(4) If the probability of occurrence of cloud drops is large
and the degree of certainty is high, then the contribution of
cloud drops to the concept is high.

3.2.2 Cloud model

The cloud model is a qualitative—quantitative exchange
model proposed by academician Li Deyi based on the
traditional fuzzy mathematics and probability statistics. This
model describes ‘“uncertainty” with ‘“uncertainty.” Such
model not only reflects the randomness in the samples that
represent qualitative concept value, but also the fuzziness of
membership degree. In addition, this model discloses the
correlation between fuzziness and randomness. The cloud
model features various forms, such as normal, triangle, semi-
rising, and semi-falling clouds. Among these forms, the
normal cloud model is universal [27]. Thus, the normal
cloud model is adopted in this study (Fig. 1).

The digital characteristics of the normal cloud model are
expressed by three parameters, namely, expectation (Ex),
entropy (En), and hyper entropy (He).

Considering the fuzziness and randomness of the limits of
evaluation grades, the calculation formula for zone softening
is expressed as:
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Ex= (xmaX +x )/2
En= (xmax - xmin)/2.355
He=s

(13)

where x_ and x_  are the double constraints in each grade,

and s represents the values of fuzziness and randomness
according to the corresponding indexes.

1 . - y
09+ 1
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07 .

=3
2
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]
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Quantitative value of contributing factor

Fig. 1. Normal cloud model

3.3 Safety assessment system for earth-rock dams

3.3.1 Construction of an evaluation index system

The safety operation of an earth-rock dam is the
collaborative consequence of the measured data of multiple
indexes at different monitoring points in various positions.
Consequently, safety conditions in the entire earth-rock dam
and its different regions must be investigated for the safety
assessment of the dam. The appropriate and direct selection
of evaluation indexes determines the reasonability and
reliability of the ultimate assessment results. In the
assessment system, the final assessment goal is found at the
top layer, whereas the basic evaluation indexes are found at
the bottom. Membership relations exist between any two
layers. The entire evaluation index system presents a
multilayer progressive analytical structure. Each layer
corresponds to the evaluation index of the upper layer and
the assessment goal of the next layer. The purpose,
reliability, simplification, quantitative, relative independence,
and hierarchical principles are established with
comprehensive consideration to evaluation indexes. The
evaluation index system is shown in Fig. 2.

‘ Safety State of Earth-rock Dam ‘

Dam body and dam base

B

nel

Seepage flow

| | |

| |

Deformation Seepage Inspection Deformation| |Seepage Inspection Seepage flow
— G i "
Settlement I.'IOI'IZOIJ . ol Deformation || Seepage|| Crack S Deformation || Seepage Measu.rmg Drain || Deformation | |Seepage
o displacement|| pressure = & - pressure o 5 Weir iy o =
U1 U2 Us Us Us U6 U Us Us Uro Un Un Uns

Fig. 2. Evaluation index framework of the working state of earth-rock dam

3.3.2 Classification of evaluation grades

Evaluation grade describes whether the safety operation of
the dams is “good” or “bad”. Nowadays, evaluation
standards, namely, ‘“normal”, “disease”, and “risk” are
imperfect. In this study, the evaluation grade is discussed
from multiple directions in accordance with the relevant
detection norms and rules for the implementation of safety
examination of dams [28,29,30], psychological activities of
human beings, and practical experiences. The safety of an
earth-rock dam is divided into five levels:

X={X,X,,X,X, X} {normal,

slightly abnormal, strongly abnormal, seriously abnormal}.

basically normal,

3.3.3 Analysis of quantitative indexes

3.3.3.1 Numerical value of quantitative indexes

42

Monitoring index is a numerical limit used to assess if the
dam operation is normal and safe. If the measured value is
lower or within the regulation range of the monitoring index,
then the structural state of the dam is generally normal, and
the dam is safe; otherwise, the dam is dangerous. The safety
monitoring index of a dam is a dangerous value, which
refers to a limit that reflects whether the dam is safe or not.
This value is mainly determined according to the numerical
value of the effect, which is limited by safety requirements.

If the mathematical model is expressed as

y=f(x,,x,,...,x,) , then the monitoring index can be
expressed as [y]=yte= f(x,,x,,...x, )T €, where [y] is

the monitoring index limit of the parameter y, y is the
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statistical ~estimation value of y, x, is the main
environmental factor that influences y, and ¢ is the
confidence bandwidth. When the monitoring indexes are
determined, ¢=pS, where p=2-3 and S is the residual

standard deviation of the model expressed as:

(14

where 7 is the total number of the measured effects, and £ is
the degree of freedom of the measured effects.

Thus, [y]= f(x,,X,,....x, )= pS , and the limits of the
monitoring indexes can be expressed as [y 1.[y . 1.

Quantitative index analysis mainly depends on the
measured data of different monitoring points. The value of
the measured effect X is divided into five zones, which are

S

centered at y according to the deviation of the observed
values at the upper and lower sides based on Reference [31].

A zone . [ymin]gyg[ymax]’
and y—2S < y < y+28
B zone : [y 1<y<[y.]
and y+28<y<y+3Sory-35<y<y-28
C zone : [ymin]SyS[ymax]’ (15)
and y > y+3S or y < y-3S8
D zone :y>[ymax]0ry<[ymin]’
and y < y+3Sor yzy-3§
E zone :y>[y lory<[y.]
and y > y+3S or y < y-3S8

If the measured value of the observation items is high or
small, then the dam is risky. Zoning of y value should be
bilaterally considered according to Fig. 3(b) and Eq. (15). If
the measured value of the observation items is slightly high,
then the dam has safety problems. By contrast, if the
measured value of observation items is slightly small, then
the dam is safe. Zoning of y value should be unilaterally
considered according to Fig. 3(a) and Eq. (16).

A zone :y<[y_ 1, andyS)A/+2S

B zone :y<[y_  l,and ;+ 28<y< ;+ 3S

C zone :ys[ymax],andy>;/+3S (16)
D zone :y>[y_ 1, andys;+3S

E zone :y>[ymax],andy>;+3S
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S

where y is the statistical estimation value of the monitoring

parameter y; S is the residual standard value; and

[, b[Y,,] are the limits of the monitoring indexes.

Five regions (e.g., 4, B, C, D, and E), which are divided
according to the measured data, correspond to the
classification of the evaluation grades. The subordinate
functional intervals are divided by using the fuzzy
X={X,X, X} =
{normal, basically normal, slightly abnormal, strongly

abnormal, Seriously abnormal}={[1,0.8],(0.8,0.6], (0.6,0.4],
(0.4,0.2], (0.2,0] }.

membership method as follows:

(a) Unilateral situations

V+38

(b) Bilateral situations

Fig. 3. Numerical performance of the quantitative evaluation indicators

3.3.3.2 Trends of qualitative indexes
The trend of change in the evaluation index refers to the
variation trend of the measured data of the dam with time.
Such change is generally irreversible and is mainly
determined by dam material characteristics, soil at dam base,
and the dam’s body structure. The trend of change in the
evaluation index exhibits five expression forms (Fig. 4).

The safety conditions of an earth-rock dam in T periods
(or moments) are analyzed, which determines the safety

grade ( j (1)) and grade eigenvalues (' (t)(t=1,2,...,7)) in T
periods (or moments). The variation trend of j (¢)—¢ and

J (t)—t can be analyzed on this basis.
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*® D

t

Fig. 4. Trend performance of the quantitative evaluation indicators

(1) Curve A: If j (¢) is low, then j'(z) is basically
constant or slightly changes within a small range and does
not gradually increase with time (7), indicating the high
safety of the earth-rock dam.

(2) Curve B: If j (1) is relatively low, then ;'(¢)
rapidly increases in the early stage and becomes flat in the
operational stage accompanied with a small fluctuation. This
outcome is most common in practical engineering and is a
relatively normal condition.

(3) Curve C: If j () is relatively low, then ;'(¢)

constantly increases. This outcome suggests that the earth-
rock dam has potential risks against safety operation.

(4) Curve D: If j(¢) is relatively high, and j'(¢)
gradually increases with time ¢, then the safety of the earth-

rock dam is worsening. Thus, monitoring must be
strengthened, and the warning level must be increased.

(5) Curve E: If j (¢) is high, and ;°(#) continuously

increases with sudden surges, then the safety of the earth-
rock dam is poor, and high attention must be focused on
safety monitoring. Moreover, relevant strengthening
measures should be adopted in time.

The five zones (e.g., 4, B, C, D, and E) in the numerical
value and the five curves (e.g., 4, B, C, D, and E) in the
change trend correspond to five evaluation grades:

X={X, X, X, X,, X,}.

3.3.4 Analysis of qualitative indexes

Accurately  expressing the walkaround inspection
information of dam safety by numerical values or
mathematical equation is difficult. This information is
generally analyzed through pure qualitative description
method. This approach is not only inapplicable to the
comprehensive evaluation of dam safety but also hinders the
development of dam safety monitoring toward automatic
data acquisition, data processing modeling, intelligent
analysis, visual outcome outputs, and networked data
transmission and management. Therefore, a suitable
quantitative analysis method for the qualitative index for
dam safety evaluation must be developed. The qualitative
index values are fuzzy and non-quantitative, making the
accurate expression of these values by using precise
numbers difficult. However, such values can be quantized
using several methods, such as expert scoring and fuzzy
membership. In this study, the qualitative indexes are
quantized using the former. For instance, for the inspection
results for the seepage walkaround inspection item are first
constructed Engineering performance and expert-suggested
evaluation standards of seepage walkaround inspection on
the base of the relevant regulations and norms. Then, it is
further quantized by experts. Finally, the seepage of the
earth-rock dam base is scored by combining Tables 2 and 3.

Table 2. Engineering performance and expert-suggested evaluation standards of seepage walkaround inspection

Seepage
walkaround
inspection of the dam base

Slightly

Normal abnormal

Basically normal

Strongly
abnormal

Seriously
abnormal

Scouring of the dam base

Corrosion of the dam body and base

Seepage

Growth of seepage

Drainage facilities

Local obvious
scouring

Local slight
scouring
Seepage water is
relatively clear
and accompanied

No scouring

Seepage water is
clear without

Seepage water is
turbid and has

sediments. with certain certain sediments.
sediments.
Small Low Moderate
No growth Small growth Growth trend
Few blockages, Partial failure,
Normal . X
short time long time

Serious scouring
Seepage water is
turbid and has a

high sediment
content.

High

Obvious growth
trend

Majority failure

Very serious
scouring
Seepage water is
very turbid, and
the turbidity
continues to
increase.

Very high
Significant
growth trend

Long-term
majority failure

Table 3. Quantitative characteristics of seepage performance in walkaround inspection
Scouring Corrosion Seepage flow Growth of Failure of
Quantitative characteristics of the different elements intensity (%) intensity (%) (L/S) seepage flow drainage
(%) facilities (%)
Normal 0 0 5 0 0
Basically normal 10 10 9 10 10
Slightly abnormal 40 40 13 40 40
Strongly abnormal 70 70 17 70 70
Seriously abnormal 100 100 21 100 100

3.4 Safety assessment model of earth-rock dams

3.4.1 Cloud model of safety grade limits

The relevant knowledge in Section 3.3.2 manifests that the
operational state of the earth-rock dam is divided into five
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grades, namely, “normal,” “basically normal,” “slightly
abnormal,” “strongly abnormal,” and “seriously abnormal,”
which correspond to Grades 1-5, respectively. These grades
are used to express the safety level of the earth-rock dam.

Table 4. Security level limit values for each evaluation indicator

The safety grade limits of the evaluation indexes are shown
in Table 4.

Evaluation indicators Normal Basically normal Slightly abnormal | Strongly abnormal | Seriously abnormal
U, (0.8,1) (0.6,0.8) (0.4,0.6) (0.2,0.4) 0,02)
U, (0.8,1) (0.6,0.8) (0.4,0.6) 0.2,0.4) 0,02)
U, (0.8,1) (0.6,0.8) (0.4,0.6) 0.2,0.4) 0,02)
U, (80,100) (60,80) (40,60) (20,40) (0,20)
U, (80,100) (60,80) (40,60) (20,40) (0,20)
U, (0.8,1) (0.6,0.8) (0.4,0.6) 0.2,0.4) 0,02)
U, (0.8,1) (0.6,0.8) (0.4,0.6) 0.2,0.4) 0,02)
U, (80,100) (60,80) (40,60) (20,40) (0,20)
U, (80,100) (60,80) (40,60) (20,40) (0,20)
U, (0.8,1) (0.6,0.8) (0.4,0.6) (0.2,0.4) 0,02)
U, (0.8,1) (0.6,0.8) (0.4,0.6) 0.2,0.4) 0,02)
U, (80,100) (60,80) (40,60) (20,40) (0,20)
U, (80,100) (60,80) (40,60) (20,40) (0,20)

The parameters (Ex ,En ,He ) in the standard cloud

model of the safety grade limits of different evaluation

indexes are calculated using Eq. (13). The calculated results
are shown in Table 5. (¢=1-13)

Table S. Standard cloud model for the level limit of the safety evaluation index of earth-rock dams

Slightly abnormal

Strongly abnormal

Seriously abnormal

Evaluation indicators Normal Basically normal
U, (0.9,0.85,0.0008) (0.7,0.85,0.0008)
U, (0.9,0.85,0.0008) (0.7,0.85,0.0008)
U, (0.9,0.85,0.0008) (0.7,0.85,0.0008)
U, (90,8.5,0.0004) (70,8.5,0.0004)
U, (90,8.5,0.0004) (70,8.5,0.0004)
U, (0.9,0.85,0.0008) (0.7,0.85,0.0008)
U, (0.9,0.85,0.0008) (0.7,0.85,0.0008)
U, (90,8.5,0.0004) (70,8.5,0.0004)
U, (90,8.5,0.0004) (70,8.5,0.0004)
U, (0.9,0.85,0.0008) (0.7,0.85,0.0008)
U, (0.9,0.85,0.0008) (0.7,0.85,0.0008)
U, (90,8.5,0.0004) (70,8.5,0.0004)
U, (90,8.5,0.0004) (70,8.5,0.0004)

(0.5,0.85,0.0008)
(0.5,0.85,0.0008)
(0.5,0.85,0.0008)
(50,8.5,0.0004)
(50,8.5,0.0004)
(0.5,0.85,0.0008)
(0.5,0.85,0.0008)
(50,8.5,0.0004)
(50,8.5,0.0004)
(0.5,0.85,0.0008)
(0.5,0.85,0.0008)
(50,8.5,0.0004)

(50,8.5,0.0004)

(0.3,0.85,0.0008)
(0.3,0.85,0.0008)
(0.3,0.85,0.0008)
(30,8.5,0.0004)
(30,8.5,0.0004)
(0.3,0.85,0.0008)
(0.3,0.85,0.0008)
(30,8.5,0.0004)
(30,8.5,0.0004)
(0.3,0.85,0.0008)
(0.3,0.85,0.0008)
(30,8.5,0.0004)

(30,8.5,0.0004)

(0.1,0.85,0.0008)
(0.1,0.85,0.0008)
(0.1,0.85,0.0008)
(10,8.5,0.0004)
(10,8.5,0.0004)
(0.1,0.85,0.0008)
(0.1,0.85,0.0008)
(10,8.5,0.0004)
(10,8.5,0.0004)
(0.1,0.85,0.0008)
(0.1,0.85,0.0008)
(10,8.5,0.0004)

(10,8.5,0.0004)

3.4.2 Calculation of cloud membership

The cloud membership between the evaluation indexes and
the safety grades are calculated according to the following

steps.

(1) The value that correspond to each evaluation index is
considered a cloud drop x.
(2) Table. 5 illustrates that the digital characteristics of the
standard cloud models of the safety grade limits are obtained

(Exq,Enq,Heq).

45

(3) The random number En’ that obeys N(En,,He’) is

generated.

(4) The values of different evaluation indexes and
membership among various grades are calculated according

to Eq. (17).

(x—Ex, )
2(En')?

c=e

(17

(5) Repeat Steps 1-4 for n folds, and the mean is used as
the final cloud membership (n=1000).
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The calculated cloud membership values are used to form
the cloud membership matrix (C) of the evaluation indexes.

Cl 1 CIZ cl} C14 C15
C = 021 022 623 c24 025 (1 8)
C

Where ¢, is the cloud membership between the evaluation

index (U,) and the cloud model of the safety grade j (7 =1, 2,

3, 4, 5); and n is the number of evaluation indexes (n=13).
Variable j is the evaluation grade and is set as an integer
within 1-5.

3.4.3 Determination of the safety grade
The safety assessment model of earth-rock dam based on
ideal point-cloud theory can be calculated as follows:

R=CxW (19)

where R_is the comprehensive cloud membership; and C

and W are the cloud membership and combination weight
matrixes of the evaluation index, respectively.

The comprehensive cloud membership can be obtained
using the aforementioned equation. Subsequently, the state
eigenvalues of the safety grades of earth-rock dams are
calculated according to the following equation:

(20)

R=3kR /SR
k=1 k=1

where R’ denotes the state eigenvalues of the grade, and &
represents the evaluation grades (k =1, 2, 3, 4, 5).

The digital characteristics of the normal cloud are
calculated according to the concepts in Section 3.2. The
conceptual cloud model of the evaluation grades is
constructed, and the membership cloud of R’ is obtained.
The membership cloud of R’ is compared with the
conceptual cloud model of the evaluation grades, thereby
obtaining the final assessment results (Fig. 5).

4. Result analysis and discussions

4.1 Brief introduction to the project

The earth-rock dam reservoir of Tai’an pumped storage
power station is located in Tai’an City, Shandong Province,
China. This dam uses reinforced concrete face rock-fill dam
(CFRD) with a maximum height of 413.80 m. The normal
storage level of the reservoir is 410.00 m with a total
reservoir volume of 11,681,000 m’. The observational
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instruments were installed in the dam’s body to monitor
dynamic changes and working performance during the dam
operation

The distribution of the observational instruments is
shown in Figs. 6-9.
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Fig. 5. Cloud atlas of the evaluation grade

4.2 Case study

The operational state evaluation of the earth-rock dam (Fig.
1) involves many indexes. However, due to space limitation,
only the “dam body and dam base” in Fig. 1 were
thoroughly calculated and analyzed.

The monitoring indexes at different measuring points for
dam deformation and seepage were analyzed according to
Section 3.3. The monitoring indexes for the appearance
subsidence deformation of “dam body and dam base” are
presented in Table 6. The other monitoring indexes are not
listed here due to space limitation.

The measured data of the studied dam in October 2016
were analyzed according to Section 3.3. The safety degrees
of the evaluation indexes of “dam body and dam base” can
be obtained, as shown in Table 7.

The evaluation indexes of the “dam body and dam base”

comprised five factors, namely, settlement (U, ), horizontal
displacement ( U, ), osmotic pressure (U, ), deformation

(U, ), and seepage ( U, ). Relevant data and experts’
suggestions indicated that the importance of these five
indexes can be arranged as: U, >U,>U,>U, >U, . The

relative importance of the five indexes is as follows: 7, =1.1,
7,

=13, r,

objective weights of different indexes were combined
according to the combination weighting method based on
ideal points to obtain the combination weight of indexes
(Table. 8).

7

- =1.6, and r,, =12. The subjective and
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Fig. 9. Distribution of seepage pressure observational instruments at the dam’s base

Table 6. Monitoring indexes for the appearance subsidence deformation

Monitoring points Yinax N 28 3
LDb1 79.11 13.15 26.3 39.45
LDb2 139.91 23.53 47.06 70.59
LDb3 177.29 28.84 57.68 86.52
LDb4 174.11 28.18 56.36 84.54
LDb5 113.51 18.87 37.74 56.61
LDb6 47.49 8.27 16.54 24.81
LDb7 11.1 1.71 3.42 5.13
LDbS8 135.81 23.14 46.28 69.42
LDb9 128.72 21.57 43.14 64.71
LDb10 70.83 11.86 23.72 35.58
LDbl11 24.15 3.66 7.32 10.98
LDb12 13.77 2.42 4.84 7.26
LDb13 52.89 9.72 19.44 29.16
LDb14 79.41 13.36 26.72 40.08
LDb15 62.73 10.71 21.42 32.13
LDb16 10.6 4.01 8.02 12.03
LDb17 6.6 0.94 1.88 2.82
LDb18 40.98 5.84 11.68 17.52
LDb19 38.04 4.67 9.34 14.01
Table 7. Safety degrees of the evaluation indexes of the dam body and dam base
Evaluation indexes Settlement Horizontal Osmotic pressure Deformation Seepage
displacement
Safety degree 0.823 0.821 0.807 0.860 0.910

Table 8. Weights of the evaluation indexes of the dam body
and dam base

Table 9. Cloud membership of the safety assessment for the

Evaluation Subjective Objective Combination
indexes weight weight weights
Settlement 0.293 0.177 0.232
Horizontal 0.205 0.176 0.184
displacement
Osmotic 0.267 0.169 0.214
pressure
Deformation 0.128 0.215 0.173
Seepage 0.107 0.262 0.197

The cloud membership of the safety assessment for the
“dam body and dam base” was calculated using the concepts
introduced in Sections 3.4.1 and 3.4.2. The results are
presented in Table. 9.

The data in Tables 8 and 9 were calculated using Eq. (19)
to determine the comprehensive cloud membership between

the “dam body and dam base” and the evaluation grades
(Table. 10).

dam body and dam base
1 2 3 4 5
Settlement 0.663 0.351 0 0 0
Horizontal 0.649 0.363 0 0 0
displacement
Osmotic 0.55 0.453 0 0 0
pressure
Deformation 0.895 0.17 0 0 0
Seepage 0.993 0.047 0 0 0
Table 10. Comprehensive cloud membership
Grade of 1 2 3 4 5
evaluation
Comprehensive
cloud 0.741 0.284 0 0 0
membership
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The state eigenvalue ( R’ ) of the samples was determined
as 1.28 according to Eq. (20). The safety evaluation grades
of the earth-rock dam indicated that the “dam body and dam
base” are between normal and basically normal. The
membership cloud for the “dam body and dam base” was
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generated and compared with the conceptual cloud model of
the evaluation grade. The result showed that the evaluation
grade is closest to Grade 1 (i.e., normal) (Fig. 10).
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Fig. 10. Comprehensive evaluation cloud at dam’s body and foundation
level

5. Conclusions

Earth-rock dams are multiparameter, nonlinear, and time-
varying unstable systems that exhibit many uncertainties.
Two of the uncertainties identified in this study are
randomness and fuzziness, which are involved in the safety
assessment process of earth-rock dams. A safety assessment
method for earth-rock dams based on cloud theory is
proposed in this study to solve this problem. The validity
and feasibility of the proposed method are verified through a
case study. The following major conclusions can be drawn:
(1) The proposed safety assessment method of earth-rock
dam based on cloud theory can effectively solve fuzziness

and randomness problems and accurately reflect the dam’s
operational state.

(2) Weight problems among different evaluation indexes
are considered. Subjective and objective weights are
combined through weighting method based on ideal point.
This method reflects subjectivity and eliminates randomness
in the interference information. Accordingly, the calculated
combination weights are real and reliable.

(3) The safety assessment model is verified through a case
study. Result showed that the evaluations are consistent with
the actual running state. This model provides a new method
for the safety assessment of earth-rock dams.

The proposed safety assessment model is based on the
randomness and fuzziness of earth-rock dams. The
evaluation results of the model can reflect the actual
operational state of earth-rock dams more accurately than
traditional methods and provide a new method for the
dynamic health assessment of dams. However, other
uncertainties exist, including gray, unknown, and chaos,
remain. Therefore, further deep studies on establishing a
health diagnosis system that considers many uncertainties
are needed.
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