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Abstract. The concrete face rockfill dam (CFRD) generally encounters structural health
problems during long-term operation. Therefore, it is necessary to study the safety evaluation
of CFRDs. This paper proposes a comprehensive evaluation method for the safety behavior of
CFRDs on the basis of regression relationship method and fuzzy recognition model. The
method of sub-index safety evaluation is established by using regression relationship method.
The multiplication scale method was adopted to determine the sub-indexes weight. In
combineing of sub-index safety evaluation value and sub-indexes comprehensive weight, the
fuzzy recognition model is used to determine the comprehensive evaluation grade of dam
safety. Safety evaluation of several CFRDs were evaluated by the method proposed in this
paper and exisiting safety evaluated method to verify reasonable and rationality of the method.

1. Introduction

The concrete face rockfill dam (CFRD) has the advantages of good safety, convenient construction,
and short construction period. It has been widely used in water conservancy and hydropower
projects[1]. At present, the development of CFRDs is facing a leap from 200m to 300m in height. As
the age of the CFRDs increase, a considerable number of dams have safety problems,such as face slab
cracks, dam embankment cracks, and excessive leakage[2]. These problems will endanger the safety
of the dam and even cause immeasurable losses. Therefore, it is very essential to carry out safety
evaluation research on CFRDs.

The safety evaluation method of CFRD includes single index and multiple indexes of the dam.
Single index evaluation usually establishes a mathematical model for a single measurement point.
Single index evaluation methods include random forest method and catastrophe theory. The single
index evaluation model can well reflect the deformation concerned and the safety status of the
measuring point. However, it cannot reflect the overall safety of the dam.

The multiple indexes evaluation method studied several indexes at different locations of the dam. It
can reasonably consider the relationship between various indicators. Multiple indexes evaluation
methods include analytic hierarchy process, grey model, fuzzy theory, etc. The determination of index
weights is the most critical issue in the evaluation method. At present, the methods for determining
index weights include expert consultation, principal component analysis, and analytic hierarchy
process. However, each method has certain applicable conditions and limitations. Therefore, the
evaluation method of dam safety behavior needs further research.

This paper analyzes the measured data of 87 CFRDs[3]. Firstly, a safety evaluation method for
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sub-index of CFRD is proposed, which based on regression theory. Secondly, the multiplication scale
method was adopted to determine the weight of sub-indexes. Then, considering the overweight and the
index weight, the calculation method of the sub-index comprehensive weight is determined. Finally,
the fuzzy recognition model is used to establish a comprehensive evaluation method for the measured
behavior of the CFRD.

2. A quantitative evaluation method of CFRDs behavior

This section establishes a quantitative evaluation method for the safety performance of a CFRD.
Firstly, the regression relationship method is used to establish a sub-index safety evaluation method.
Secondly, the weights of sub-indexes are determined by the multiplication scale method. Then,the
fuzzy recognition model is used to process the sub-index security evaluation value and sub-index
weight. Finally, a comprehensive evaluation method for the safety performance of the CFRDs can be
successfully established.

2.1. Sub-index evaluation method

Sub-index evaluation is the basis of comprehensive evaluation of dam safety. Based on the statistical
data of engineering examples, this paper establishes the evaluation method of crest settlement, internal
settlement, face slab deflection and seepage rate. This method uses the regression relationship method.

The specific process is as follows:

(1) Regression relationship fitting. First of all, this paper analyzes the deformation and seepage
monitoring data of 87 existing CFRDs. At the same time, the regression relationship between the
sub-indexes and the main influencing factors is established. Multiple functional relationships are
selected for regression fitting. The regression curve with larger R* and smaller RMSEP is selected as
the optimal regression model curve.

(2) Sub-index evaluation method and grade. The vertical distance between the sample and the
regression curve is calculated. One of the sample points is selected as the reference point in the normal
state. Then determine the actual range of sub-index [-a, b]. And convert the actual range of
sub-indexes to the standard range of [0,5]. According to the standard value range, each sub-index is
divided into 5 security levels. The optimal regression curve between each sub-index and the
corresponding main influencing factor calculated in this paper is shown in Table 1, and the conversion
relationship of each sub-index is shown in Table 2.

Table 1. The optimal relationship between sub-index and the corresponding main influencing factor.

Sub-index Fitting function Expression R? RMSEP
Internal settlement Exponential function y=0.1154¢""17~ 0.5313 0.4175
Crest settlement Power function y =0.0004x"*" 0.4541 0.0967
Face slab deflection Power function y =0.0003x"*"* 0.4640 0.1240
Seepage rate Power function y=0.0237x"% 0.5709  19.3721

Table 2. The actual range and conversion relationship of sub-indexes for CFRD safety evaluation.

Sub-index Actual range  Reference point Reference Conversion function
Internal settlement  [-1.32,2.36] Bakun -0.19 y=-1.3587x+3.2065
Crest settlement [-0.20,0.75] Hongjiadu -0.002 y=-5.2632x+3.9474
Face slab deflection  [-0.22,0.81] Daao 0.10 y=-4.8544x+3.9320
Seepage rate [-105.7,337.1] Jiudianxia 81.97 y=-0.0113x+3.8035

# x is the value of the factor corresponding to each sub-index, and y is the value of the sub-index.
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2.2. Determine sub-index weight

The determination of the weights of sub-indexes is the core issue in the comprehensive evaluation of
the measured behavior of dam structures. He et al.[4] proposed the multiplication scale method on the
basis of analytic hierarchy process. This method compares the importance of each index in pairs,
considers the relative importance of the indexes more flexibly, and scientifically obtains the weight of
each index.

The multiplication scale method is adopted to determine the weight of sub-indexes.The steps are as
follows:(1) According to experience or measured data, qualitatively rank the importance of m
evaluation indexes.(2) Compare the evaluation indexes A and B in pairs to determine the importance
of the two evaluation indexes. When the importance of indexes A and B are the same, the weight is
(wa:wg) = (0.5, 0.5).(3) When the importance of indexes A and B are not the same, use the equation 1
to calculate the weight:

(w, ) =(1.354" +(1+1354"),1+(1+1.354")) 0

In equation 1, the 1.354 is the "slightly larger" scale value of the product scaling method. The
values of n are 1, 2, 3, and 4 when the importance of the two indexes is "slightly large, obviously large,
intensely large, and extremely large".

2.3. A quantitative evaluation method based on fuzzy theory

The safety of dams is a relatively vague concept. There is no clear boundary between safety and
danger. Therefore, this paper introduces fuzzy mathematics theory into the safety evaluation of
CFRD[5]. The sub-index safety evaluation value and the index weight are comprehensively dealt with
the correlation, which uses the fuzzy recognition model.

Assuming that there are n dams and each dam has m evaluation indexes, there arem X n
sub-indexes safety values. Convert the calculated data of the safety evaluation value of the dam
sub-index into a subordinate interval of [0,1]. The matrices X can be obtained.According to the
practical experience of CFRDs safety inspection and other factors, the evaluation level of the dam's
evaluation index is determined to be 5 levels. Therefore, the composed comment set is Y=(y1, y2, ¥3, V4
ys=(good, better, normal, mildly abnormal, severely abnormal). It is evaluated by the grading standard
is strictly considered in accordance with the grading standard. The matrices Y is equation 2:

0.8 0.7 05 03 0.2
0.8 0.7 05 03 0.2

Y: : = . h:172)-.~’ ;':1’2,..-, (2)
08 07 05 03 02| N ¢ m)

0.8 0.7 05 03 0.2
Then the matrices X and Y are transfed into the corresponding relative membership matrices R and S:

o hy hs yr

Y. I v, T &
T T a3 | 3
R= =(r,) 3)

_rml rmZ rmS rmn

1 0.833 0.5 0.167
1 0833 0.5 0.167
1 0.833 0.5 0.167
1 0833 0.5 0.167

The weight of the sub-indexes of the CFRD calculated by the scaling method of multiplication and
accumulation is v=[vi, vy,..., vm]. Comprehensively consider the overweight and the index weight, and
establish a comprehensive weight matrix of m sub-indexes.The comprehensive weight matrix of
sub-index can be calculated as W=[w1, wa,..., wm]'. The comprehensive weight matrix can indicate the

S = 4

S O O O
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influence of sub-indexes on the safety of the measured dam shape.
The fuzzy recognition model used in this article is equation 5:

0
Sy (h<a or h>b)
o | 2wi(n=s,)"
=4 Y| E— | | (a<h<b,d,#0) 5)
ke zwz’(’;_sik)p
i=1
1 (dh:O)

Substitute the matrices R and S and matrix W into the fuzzy recognition model. The relative
membership degree matrix of the measured safety behavior of the dam is calculated as U=[uy, uz, us, us,
us]. Equation 6 is used to calculate the characteristic value H of the dam. Comparing the calculated
characteristic value H with the evaluation grade range, the safety status of the dam behavior can be
obtained. The evaluation grade range is H=([1,1.5), [1.5,2.5), [2.5,3.5), [3.5,4.5), [4.5, 5] ]=(good,
better, normal, mildly abnormal, severely abnormal ).

Huzzcl,u/,(u)h (6)
=l "

3. Case study

In order to verify the feasibility of the method proposed in this paper, the Shuibuya CFRD is selected
as an engineering example for calculation. The dam crest settlement, internal settlement, face slab
deflection, and seepage rate of the Shuibuya concrete faced rockfill dam are selected as evaluation
indexes. The calculation results of the safety value of each sub-index are shown in Table 3.

Table 3. Sub-index safety evaluation calculation results of Shuibuya Dam.

: Monitoring Deformation Conversion Sub-index
Sub-index .
value experience value value safety value

crest settlement 0.35m 0.451m -0.1m 4.47

Internal settlement 2.30m 3.546m -1.246m 4.90

Face slab 0.28m 0.477m -0.197m 4.89

deflection
Seepage rate 20L/s 125.8 L/s -105.8 L/s 5.00

Through the case study of the Shuibuya CFRD, the importance of the sub-indexes is determined in
order from the heaviest to the least as the face slab deflection (y;), seepage rate ()2), crest settlement
(3), and internal settlement (y,)). Comparing the indicators in pairs, y;:y>=1.354:1, y»:y3=1.354:1,
v3.94=1.354:1. Therefore, the weight of the sub-indexes of Shuibuya CFRD is (crest settlement,
internal settlement, face slab deflection, seepage rate) = (0.20, 0.15, 0.37, 0.28).

According to the safety value of the sub-index, the safety evaluation value matrix of the measured
sub-index can be determined as X=[0.89, 0.98, 0.98, 1]". The safety evaluation grade matrix Y is
known. Transform the matrix X into the corresponding relative membership matrix R=[1, 1, 1, 1]".The
weights of sub-indexes of Shuibuya CFRD are v=[0.20, 0.15, 0.37, 0.28]. Combined with the
super-weight matrix R, the comprehensive weight matrix 4 of 4 sub-indexes can be obtained as:

020 O 0 0 (|1

0 015 0 0 |1
0 0 037 0 ||1
0 0 0 0.28]]1

()

A=vr=
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The element values of matrix 4 are normalized by column, and the comprehensive weight matrix of
sub-index can be calculated as W=[0.20, 0.15, 0.37, 0.28]". And then calculate the relative
membership degree matrix U=[1, 0.848, 0.095, 0.034, 0.024]". Then U- = [0.500, 0.424, 0.047, 0.017,
0.012]". The comprehensive safety state characteristic value can be calculate by equation 6. The H of
Shuibuya CFRD is 1.617, the safety grade is better.

In order to demonstrate the rationality of the method, the results obtained in this paper are
compared with the existing results. At the same time, it is compared with the safety evaluation results
of the existing literature, as shown in Table 4.The safety evaluation results in this paper are more
consistent with the actual safety evaluation results and the existing literature safety evaluation
results[6]. It shows that the quantitative evaluation method is reasonable and feasible.

Table 4. Calculation results of comprehensive safety behavior of CFRD.

Dam Shuibuya Hongjiadu Wananxi
Crest settlement 4.47 3.96 5.00
Sub-index Internal settlemgnt 4.90 3.72 3.54
Face slab deflection 4.89 3.86 4.12
Seepage rate 5.00 3.22 3.74
Comprehensive index characteristic value 1.617 1.686 1.155
Safety grade better better good

Dam safety is  Good operating  Deformation

Results of other evaluation methods . .
good indexes is normal

4. Conclusion

Based on statistical analysis methods, this paper establishes a dam safety performance index
quantitative evaluation method based on regression relationship method and fuzzy recognition model.
This method is based on actual engineering data and has a clear physical meaning, and it can better
evaluate the safety of CFRD sub-indexes. The example shows that the method is reasonable and
accurate.
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