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Deformation mechanism in the core rockfill dams with heavy load and high-stress level is difficult to predict and control, which is
one of the key problems to be solved in the dam operation safety management and control. Aiming at the large error problems
obtained by the parameter-based functional models (regression model, grey theory model, etc.) in the deformation prediction of
the core rockfill dams, a fractal prediction method and its technical process by combining the variable dimension fractal di-
mension and the "metabolism" of prediction data are proposed through analyzing the fractal adaptability and deformation
characteristics of original monitoring data based on the resealed-range (R/S) method and fractal dimension theory. It effectively
solves the error in the process of constant dimension fractal accumulation and transformation greatly in dam deformation
prediction and provides a new way for dam safety monitoring deformation prediction and early warning. The trend analysis of
deformation monitoring data of the Pubugou core rockfill dam and the deformation prediction show that the fractal prediction
information of dam deformation has a good corresponding relationship with its physical causes, which is in line with the actual
deformation trend and operation state of the dam. Compared with the traditional stepwise regression method, the prediction
results obtained by the proposed method in this paper are of high accuracy, implying that the improved fractal prediction of dam
deformation is effective and the Hurst fractal index is applicable in the evaluation of the dam deformation trend.

1. Introduction

Core rockfill dam plays an important role in the dam en-
gineering field due to its good adaptability to the terrain and
geological conditions, convenience for local materials, good
seismic resistance, and other advantages [1], and most of the
200-300 m high Earth rockfill dams are core rockfill dams,
such as the Nurek dam (300 m, Tajikistan), the Nuozhadu
dam (261.5 m, China), the Mica dam (242 m, Canada), and
Oroville dam (235m, America). The deformation mecha-
nism of a dam with complex topography, geology, operation
environment, large loading in dam and foundation, and
high-stress level is complex, and the deformation process
and quantity value are closely related to dam safety.

Therefore, the deformation prediction and control is difficult
and is one of the key scientific and technical problems to be
solved in the construction and operation of rockfill dams
[2-5].

In the aspect of dam deformation prediction analysis
based on safety monitoring data, scholars have carried out
fruitful work and some models have been promoted, mainly
including the statistical model, grey theory model, and time
series model [6-8]. Owing to the complex deformation
mechanism, influencing factors, and strong nonlinear
characteristics, many parameters are difficult to describe
quantitatively, thereby leading to large errors by introducing
the parameter-based functional models in deformation
prediction. The fractal theory is an effective method to study
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nonlinear time series of data with the advantages of wide
application range and strong robustness and has been ap-
plied to dam [9], slope [10], tunnel [11], mining [12], and
other engineering deformation stability analysis. The fractal
theory was used to describe the long-term behavior of dam
structures through fractal exponents, and the diagnosis
model and appropriate criterion for evolution characteristics
of concrete dam crack are developed by combining the
fractal, phase space reconstruction, and wavelet method
[13, 14]. Zhang et al. [15] put forward a fault analysis method
based on the fractal characteristics of acoustic emission
signals and assign it as an index to evaluate the overall safety
of the dam. Wu et al. [16] proposed an improved fractal
model to forecast mine slope deformation using the grey
system theory. Hu et al. [17] concluded that the monitoring
data curves of landslide monitoring points have fractal
characteristics, and the fractal theory is of great significance
to the prediction of landslide deformation trend, as well as
for the monitoring data of dam crack [18]. Tu et al. [19]
combined the fractal interpolation and ARIMA models to
monitor dam safety. Additionally, the Hurst fractal index
based on the time series and fractal dimensions are usually
adopted to evaluate the state of projects with good effects
[20-23]. However, there are still some deficiencies (e.g.,
error problems in the parameter-based functional models
and error of constant dimension fractal accumulation and
transformation) in the dynamic prediction of deformation in
large-scale granular structures, especially the deformation
prediction of a core rockfill dam.

This paper aims to study the prediction model of de-
formation in the core rockfill dams by improving the fractal
methods. To achieve this, the main contents of the current
research are arranged as follows: (a) based on fractional
Brownian motion (FBM) test of dam deformation moni-
toring series, fractal adaptability of deformation monitoring
series is discussed by combining the resealed-range (R/S)
method and fractal dimension theory; (b) study the fractal
dimension of deformation monitoring data series of core
rockfill dam changing with time and then put forward the
fractal prediction method and its technical process with the
variable dimension fractal dimension and the "metabolism"
of prediction data; (c) take the Pubugou core rockfill dam as
an example, and the effectiveness of deformation prediction
method and engineering applicability of Hurst fractal index
in evaluating dam local deformation trend is verified.

2. Methodology

2.1. FBM Test of Dam Deformation Monitoring Series. The R/
S method is usually applied to judge whether the defor-
mation monitoring data series meets long-range correlation.
If the time series of dam deformation meets the meaning and
logical theoretical requirements of R/S analysis, the Hurst
fractal index of deformation monitoring data and its cor-
responding fractal information can be analyzed by the R/S
method to determine the development trend and stability of
deformation, and then, the prediction of deformation can be
made. The time series or its transformation form should
obey fractional Brownian motion (FBM) when using the R/S
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method [24], and the method of the FBM test can be
arranged as follows.

Assuming that the deformation time series of a point is
x@ ={x%(1),x°(2),...,x°(n)}, a corresponding cumula-
tive time series xV = {x!(1),x!(2),...,x' (n)} is given,
which satisfies the following relationship:

k
x! (k) =) X (). (1)
i=1

If deformation time series x(© is the nonnegative
function, then a; can be defined:

Lo X0k 2K @)
YRG0 x D k-1

If the deformation time series meets the FBM, it is
certain that when k>3, «; is the decreasing series and
0<a,<1; when n is big enough, the series of number
converges to 0.

2.2. Deformation Characteristics Analysis of Core Rockfill Dam
Based on R/S Method. According to the R/S method, the
fractal characteristics of the dam deformation monitoring
series and its long-range correlation and trend strength can
be judged by the Hurst fractal index of the nonlinear
monitoring data of deformation.

The time series of deformation x(* with a length of N is
divided into m equal intervals of consecutive but not
overlapping subintervals A; (i = 1,2, .. .,m) with a length of
n(2<n< (N/2)), as shown in Figure 1. Each element in A; is
X (k=1,2,...,N), and then, the average value E; of the
series A; is

E; = Z Xi k- (3)

The standard deviation S; of series A;, cumulative de-
viation D;, and product moment R; can be calculated by the
following equations:

(4)
(5)
R; = max (D) = min (D). (6)
Also, the average (R;/S;) of m intervals can be expressed
by
<R> 1 &R .
SIh m&S; ™

i=1

According to the study of Mandelbrot et al. [25], the split
length of data series n and its (R/S), satisfy the following
relation:
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Length of data series: N=n x m
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FIGURE 1: Schematic diagram of equal intervals.

lg<1—;>’1 =1gb + Hlgn, (8)

where 0 is a constant, showing the inherent characteristics of
the time series system.

Taking lgn as the independent variable and Ig(R/S),, as
the dependent variable, the slope of the fitting straight line is
the Hurst fractal index of {x (¢)}, which is the core parameter
to describe the long-range correlation of time series.

As for the monitoring series of deformation in core
rockfill dams, the Hurst fractal index H is an indicator to
measure the correlation and trend strength of the defor-
mation time series with a range of 0~1. The different levels of
trend strength are concluded in Table 1 [26].

2.3. Improved Fractal Prediction Method. In the fractal
theory, the fractal dimension D is a generalization index
used to describe the complexity of object shape, structure,
and function, which can describe filling space extent of
fractal geometry and information and reflect the complexity
of function system [27, 28]. The meaning of fractal di-
mension analysis is that it can reflect the complexity and self-
stability of a deformable system, and it can be adopted to
describe the nonlinearity and disorder of dam deformation
monitoring data series including the constant dimension
fractal and variable dimension fractal.

The constant dimension fractal is usually expressed by
the power exponential function as follows [29]:

C
M = r_D’ (9)
where r is the characteristic linearity, such as the length and
time; M is the physical quantity related to r, such as the
temperature, stress, and deformation; C is the parameter to
be determined; and D is a constant in constant dimension
fractal.

As for a monitoring data series of deformation in the
core rockfill dams, r; (i = 1,2,...,I) is defined according to
the monitoring data, [ is the length of data series, and M; is
defined as the value of deformation in the date of r;.
Therefore, the parameters of D and C can be expressed by
any two points (r;, M;) and (r;, M;) just as follows:

D= M) (10)
ln(rj/r,-)
C=MgP. (11)

In view that D is a constant in constant dimension
fractal, accumulation and transformation can be used for the
variable dimension prediction and analysis, that is,

S} ={M, My + My, M, + M, + M;;, ...},
{Soi} =1811S11 + 812,11 + S0, + Sy, )

(12)
{Sji} ={S(j_1)1,S(j_1)1 +S (-2 5 S(-n1 TS (-1

+S(iys Tt S(]-,l),-},

where (S;;) is the accumulation and series of the j™ order.

After the accumulation and process of the original data
series, the prediction value M; can be reversely obtained with
a stable fractal dimension by the following equations:

S(i-ni = Sji = Sji-y (13)

M; = Sy; = Sy (i) (14)

However, only a few monitoring data series in dams
follow the law of constant dimension fractal, and more of
them follow the variable dimension fractal. So the fractal
dimension D can be expressed as a function of characteristic
linearity [25]:

D = F(r). (15)

Then, the relation of series value M, fractal dimension D,
and characteristic linearity r can be given if M and r have a
function relation of M = f (r):

C
fr)= G (16)

Besides, the error of the original series obtained by the
reverse inference will be larger if there is a prediction error in
high order accumulation and series, so how to eliminate or
reduce the error in reverse inference by adopting the ac-
cumulation and fractal to predict deformation is the key
issue that must be solved. Typically, there are mainly two
error sources in reverse inference during fractal dimension
deformation prediction. On the one hand, there is a dif-
ference between the actual fractal dimension of the series
and the fractal dimension selected in prediction. On the
other hand, the acceptable absolute error amounts of each
order accumulation and series are different due to the
difference in the order of magnitudes. Therefore, the data
close to the prediction point is selected to make the pre-
diction, and the basic data of the former cycle used for
prediction are constantly updated based on the "metabolism"
principle according to the update cycle of monitoring data,
thereby leading to the dynamic prediction of dam
deformation.

As for the monitoring data series of deformation with
complex nonlinearity in core rockfill dam, the monitoring
data series shows the characteristic of long-range correlation
within a certain time limit; otherwise, the series shows the
uncorrelated random behavior and no self-similar feature.
Therefore, a threshold time T', is assigned to describe the
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TaBLE 1: Relation between the Hurst fractal index and the variation in deformation time series.

Range of H (0, 0.5) 0.5 (0.5, 1) 1

Time series variation Negative continuous effect Random Positive continuous effect Fully certain

time limit of long-range correlation (Li et al., 2010), the
known deformation data in threshold time limit can be used
to make the deformation prediction based on the variable
dimension fractal [30], and the key technical process of
variable dimension fractal prediction of deformation in core
rockfill dam is as follows:

(i) Step 1: relatively reliable basic data selection for the
prediction. The randomness or certainty degree of
deformation series and the long-range correlation
characteristics of deformation are analyzed based on
the R/S method, and the threshold time T can be
obtained by mutations point in the curve of
lgn~1g (R/S),,. It is noted that the initial time T, in
the R/S method shall not be too small, and it is
greater than the time corresponding to the series
length greater than 10. For the core rockfill dams in
this paper, T, is determined when the series length
is 10.

(ii) Step 2: prediction process. Firstly, a reasonable time
scale At within (T, T,) is determined, and the data
belonging to the time are treated by the accumu-
lation and transformation method (Equation (11));
the fractal parameters are determined based on the
transformation with more stable dimension, and
then, the reverse inference for the prediction can be
made by Equations (12)~(13).

(iii) It should be noted that the reasonable time scale At
within (T, T.) is very important, and it is related to
the operation stage and the deformation behavior of
the dams. Generally, the reasonable time scale can
be about 3-6 months during the stable stage of
deformation that changes periodically under the
joint action of water level and temperature, or it can
be about 1-3 months during the stage of im-
poundment or initial operation, in which the de-
formation of the dam is not completely stable.

(iv) Step 3: “metabolism” of the data series. The basic
data used for prediction will be constantly updated
based on actual monitoring frequency to reduce
error produced from the accumulation and trans-
formation of data series, and then, a relatively ac-
curate real-time prediction of deformation series
can be achieved, as seen in Figure 2.

Therefore, the flow chart for the prediction of defor-
mation is given in Figure 3.

3. Case Study

3.1. Project Specifications. Pubugou core rockfill dam is the
main hydraulic structure of Pubugou hydropower station
whose installed capacity is 3.6 million KW on the Dadu

River. The hydropower station is mainly composed of
three parts: a core rockfill dam, a water power generation
system, and a discharge structure, with the layout shown
in Figure 4. It is the highest core rockfill dam on the deep
layers with a maximum dam height of 186 m, a dam crest
length of 540.5m, a dam crest width of 14m, and a dam
bottom width of 96 m. The elevation (EL) of the dam crest
is 856.0 m. The total filling quantity of the dam is 22.37
million m’. The largest thickness of the dam foundation
overburden is 77.9 m. The core takes two concrete dia-
phragm walls to reach enclosed impervious. The thick-
ness of the concrete diaphragm wall is 1.2 m. The distance
between the center of the concrete diaphragm walls
is 14m. The largest depth of the concrete diaphragm
wall under the elevation of the bottom of the core is
82.9m.

The preconstruction of the Pubugou core rockfill dam
began in March 2004. The river foundation treatment fin-
ished in April 2007, and the filling began. The dam filling
finished in September 2009. The reservoir impoundment
began on November 1, 2009. The impounded level reached
the design elevation of 850 m on October 15, 2010. Figure 5
shows the layout of settlement points in section 0 + 240, and
points of VE1-20, VE1-21, and VEI1-27 in the core area,
LD59 in the dam crest, and CH1~CH4, CH5~CH?7, and
CH10~CH12 in downstream rockfill area are adopted. The
water level and temperature are shown in Figure 6. It is
noted that the weather station in the Pubugou dam was built
in May 2013, so the curve of temperature is given between
May 2013 and April 2014.

3.2. Fractal Adaptability Analysis of Dam Deformation
Monitoring Series. Deformation data series of three typical
monitoring points in the core area, dam crest, and down-
stream rockfill area is selected to make the FBM test, in
which the data series of settlement deformation in EL.
813.6m of the core area (VE1-21), the horizontal defor-
mation in the observation room of downstream rockfill area
(EL. 758 m), and settlement and horizontal deformation of
dam crest (LD59) include the three stages of dam defor-
mation, namely, construction filling, water storage, and
normal operation. The FBM test results are shown in
Figure 7.

As shown in Figure 7, & decreases with time with the
range of 0~1 when k > 3, and the series converges to 0 when n
is big enough, implying that the deformation time series of
the Pubugou core rockfill dam meets fractional Brownian
motion. Additionally, the FBM tests of the deformation
series in the Shiziping core rockfill dam are made for the R/S
analysis, and the results show that the deformation series
also meets the criteria of FBM. Therefore, it can be con-
cluded that the deformation time series in core rockfill dams
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FIGURE 2: The "metabolism" for the prediction of data series in dams.

has significant fractal characteristics, and the R/S method
can be used to study the fractional rule of dam deformation
time series.

3.3. Analysis of Deformation Trend

3.3.1. Fractal Law of Deformation in Typical Monitoring
Points of Dam. The deformation data series in section
0 + 240 is selected as an example to analyze the trend and
stability of deformation in the Pubugou core rockfill
dam. Figure 8 shows the fractal index and the Hurst
index of points VE1-20. As seen in Figure 8, the Hurst
index is greater than 0.5 and becomes stable gradually
with time. The fractal dimension of the deformation data
series changes greatly in the first storage period, and the
rest time is relatively stable, implying that the settlement
deformation is stable.

Figures 9(a)-9(c) show the Hurst fractal index of
settlement deformation in CH1~CH7 and CH10~CH12.
It can be seen that the maximum and minimum of Hurst
fractal index is 0.932 and 0.532, respectively, indicating
that the settlement deformation with time has charac-
teristics of trend and randomness. The settlement de-
formation tends to be stable due to the gradually
decreasing trend of deformation with time. Also, the
Hurst fractal index of horizontal deformation in
CH1~CH3, CH5~CH7, and CH10~CHI12 is between
0.638 and 0.994, as shown in Figures 9(d)-9(f), which
implies that the horizontal deformation series has the
same properties as the settlement deformation. The
fluctuation reason for Hurst fractal index in CH1~CH4
during the year 2009-2011 may be related to the first
water storage.

The fractal analysis of deformation monitoring data
series of VE1-20, CH1~CH7, and CH10~CH]12 shows that

the Hurst fractal index of deformation series is between
0.523 and 0.944. The results imply that the development and
change in deformation with time have characteristics of
trend and randomness; that is, the deformation series has
long-range correlation, strong trend, and certain continuity.

3.3.2. Fractal Law and Mechanics Analysis of Dam
Deformation. As for the mechanical cause of dam deformation,
settlement deformation in the downstream rockfill area is
mainly composed of the compression from filling loading and
the creep deformation from rockfill particles crushing. The
deformation shows a linear increasing trend of deformation in
downstream rockfill area during the construction period, dis-
playing that deformation in the next moment is positively related
to the previous incremental trend, but the increasing trend
gradually reduces with the completion of filling and develop-
ment of creep, which can be verified by the Hurst fractal index in
the study above. The case study of the Pubugou dam shows that
the influence of first water storage on the horizontal deformation
in the downstream rockfill area is more obvious than that on the
settlement deformation. The influence of water level fluctuation
on the deformation in the water level variation area is greater,
and its influence on the deformation in points near the core is
greater than that far from the core. From the aspect of the Hurst
fractal index, the index of deformation in the Pubugou dam is
convergent, and it is less than 1.0 during the construction and
water storage period. Besides, the Hurst fractal index decreases
gradually during the operation period; namely, the fractal di-
mension increases gradually, implying that the deformation in
the downstream rockfill area tends to be stable as a whole.
The deformation of a core rockfill dam is an open system
produced by the comprehensive action of multiple certainty
and uncertainty factors. The analysis of deformation series in
the Pubugou core rockfill dam shows that the Hurst fractal
index reflects the influence of the current deformation of the
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FiGure 3: The flow chart of the proposed method in the paper.

dam on the future deformation (or previous deformation)
and can be adapted to evaluate the system certainty and
trend degree of dam deformation series. Also, the applica-
tion of the Hurst fractal index in the deformation series of
the concrete dams and the landslides shows similar results
[9, 31]. In a word, when the Hurst fractal index is introduced
to the analysis of deformation series in the core rockfill
dams, the closer the Hurst fractal index is to 1.0, the stronger
the tendency of deformation series is; the closer the Hurst
fractal index is to 0.5, the stronger the randomness of de-
formation series is.

3.4. Fractal Prediction of Deformation. Based on the pro-
moted model for the prediction by the fractal method, the T,

is determined when the length of the data series between the
initial time and the Ty is 10. The reasonable time scale is 2
months during the initial operation period of the Pubugou
dam, its prediction of deformation is made, and the com-
parative results of the horizontal deformation in CH10 and
the settlement deformation in VEI-27 are shown in Fig-
ures 10 and 11. The application shows that the value of
fractal prediction is consistent with the actual value under
the condition of periodic updating of data. As seen in
Figures 10 and 11, the relative error between the predicted
value and the actual value is within 3.71% during the period
with a relatively stable deformation trend. The prediction
accuracy decreases slightly, and the maximum relative error
of individual points is 6.69% in the time that the deformation
trend is about to change (in point VE1-27).
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Traditional models, such as the stepwise regression,
neural network, and time series model [6, 32], are widely
used in the fields of deformation prediction in dams. To
verify the accuracy of the prediction results, the stepwise
regression method is introduced, and Table 2 shows the
relative errors obtained by the proposed method and the
stepwise regression method. As seen in Table 2, the proposed

method has the advantage in aspects of the max and average
value of relative errors over the traditional stepwise re-
gression method, indicating that the proposed method
provides a new and high accuracy way for the prediction of
deformation in the dams.

The results illustrate that the prediction method of var-
iable dimension fractal combined with data “metabolism” is
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FIGURE 9: Hurst fractal index of deformation in different monitoring points: (a) Hurst fractal index of settlement deformation in CH1~CH4;
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fractal index of horizontal deformation in CH1~CH3; (e) Hurst fractal index of horizontal deformation in CH5~CH?7; (f) Hurst fractal index
of horizontal deformation in CH10~CH12.
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FiGure 10: Prediction results of the horizontal deformation in monitoring point CHI10.
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FiGure 11: Prediction results of the settlement deformation in
monitoring point VE1-27.

TaBLE 2: Relative errors of the proposed method and the stepwise
regression method.

Relative error

Points Methods ]
Max. (%) Min. (%) Aver. (%)
VEL-27 The proposed method  6.69 0.00 1.19
Stepwise regression 15.09 0.01 3.87
CH10 The proposed method ~ 3.71 0.00 0.53
Stepwise regression 14.74 0.00 3.00

effective in dam deformation prediction and can be applied to
well realize the dynamic prediction of deformation in dams.

4. Conclusions

In this paper, through the study of the improved fractal
prediction method, analysis process, and engineering
analysis of deformation series in core rockfill dam, the
conclusions are as follows:

(1) A prediction method of variable dimension fractal
combined with data "metabolism" for the deforma-
tion in the core rockfill dams is proposed in the
paper. It effectively solves the decrease in prediction
accuracy caused by the errors in the process of
constant dimension fractal accumulation and
transformation in dam deformation prediction based
on the real-time update of basic data, thereby real-
izing the dynamic prediction of dam deformation
and providing a new way for dam safety monitoring
deformation prediction and early warning.

(2) Aiming at the characteristics of long-range corre-
lation of dam deformation monitoring data series, a
threshold time T, is used to describe the limit of
long-range correlation limit. Based on the defor-
mation prediction made by the known deformation
data within the threshold time, the key technical
process of variable dimension fractal prediction of
deformation series in core rockfill dam is proposed.

(3) The trend and prediction analysis of deformation
series in the Pubugou core rockfill dam shows that
the fractal information of dam deformation has a
good corresponding relationship with its physical

Mathematical Problems in Engineering

causes, which is in line with the actual deformation
trend and operation state of the dam. Compared with
the traditional stepwise regression method, the
prediction results obtained by the proposed method
in this paper are of high accuracy.

Data Availability
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