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In view of some courses of the time-varying characteristics processing in the analysis of dam deformation, the paper proposes
a new method to analyze the dam time-varying characteristic based on the empirical mode decomposition and phase space re-
construction theory. First of all, to reduce the influences on the traditional statistical model from human factors and assure the
analysis accuracy, response variables of the time-varying characteristic are obtained by the way of the empirical mode decom-
position; and then, a phase plane of those variables is reconstructed to investigate their processing rules. These methods have
already been applied to an actual project and the results showed that data interpretation with the assists of empirical mode de-
composition and phase space reconstruction is effective in analyzing the perturbations of response variables, explicit in re-
flecting the entire development process, and valid for obtaining the evolution rules of the time-varying characteristic. This
methodology is a powerful technical support for people to further master the rules of dam operation.
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1 Introduction

The time-varying characteristic of dam deformation is
gradually represented in a long-term and slow development
process, in other words, it reflects the development rule of
the response variables of dam time-varying characteristic in
the mass. The changing phenomenon is influenced not only
by external loads, but also by creep, dry shrinkage of con-
crete and other factors. Furthermore, those influences are
irreversible with time. In some cases, the development rule
of response variables of dam time-varying characteristic
reflects the behavior of dam operation. In general, the re-
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sponse variables of dam time-varying characteristic have a
drastic change process during the impounding period and
tend to be stable in the following years. If the response var-
iables of the time-varying characteristic in dam safety mon-
itoring change dramatically in operation period, it is an evi-
dence of the dam body or dam foundation in abnormal situ-
ation [1-3].

At present, the response variables of dam time-varying
characteristic can be obtained by the following procedures:
first of all, some factors related to the time should be deter-
mined, and a statistical model is established based on the
actual dam safety monitoring data. Then the correlation
coefficients are obtained through the regression analysis
method. Finally, the deformation due to dam time-varying
characteristic can be gained. This method needs to draw up
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the structural form of the factors of dam time-varying char-
acteristic before computing, and can be affected by human
factors [4—8]. In addition, if the water level and other fac-
tors are closely related to the factor of dam time-varying
characteristic, this correlation affects the regression result
obviously. The empirical mode decomposition theory treats
any complicated signal as the accumulation of some differ-
ent, simple and nonlinear signals. From this point, some
basic signals can be separated from the complicated signal
sequence [9, 10]. The monitoring data of the dam defor-
mation can be viewed as a digital signal sequence consisting
of the different frequency components, and the frequency of
response variables of dam time-varying characteristic is low,
so these low frequency changes may be separated through
the empirical mode decomposition theory. The phase space
is an abstract space which is made up of the state variable
factors. The phase orbit is the line of phase points in the
phase space and is the evolution process of the system state
over time [11, 12]. This paper analyzes the development
rule of the response variables of dam time-varying charac-
teristic based on empirical mode decomposition and phase
space reconstruction theory.

2 Application of empirical mode decomposition
in the response variables of dam time-varying
characteristic

Empirical mode decomposition can separate the complex
signal into a number of basic signals from the high-fre-
quency one to the low-frequency one, which are intrinsic
mode functions (IMF). Each of these basic signals can be
linear, nonlinear or non-stationary, while they have one
common characteristic that each IMF has the same number
of extreme points and zero-crossing points in the entire sig-
nal part. Furthermore, the IMF is symmetrical in the local
average and its waveform is similar to the sinusoidal one
from the view of shape. The local average is defined by the
up and down envelope line of the signal, and based on such
a definition, the different IMFs can be separated through the
characteristic scales of the signal [13—16]. As a result, the
characteristic scales are defined by the time span of the ex-
treme points of the adjacent signals based on the experi-
mental modal decomposition method of the multi-resolution
analysis. At any time, a complicated signal can have differ-
ent IMFs. All the IMFs are mixed to form a complicated
signal. Each of these IMFs is independent of each other.
And there are no multiple extreme points between the adja-
cent zeros. The procedure of the IMF decomposing is as
follows:

(1) Determine all the local extreme value points of a
time sequence x(f), and then link these extreme large and
small points by a line respectively, by doing so we get the
up-and-down envelope line of the time sequence x(f). Take
note of the average value of the up and down envelope line
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as m(r).
(2) Let h(¢) denote the difference between x(¢) and m(z):
h(H)=x(£)—m(2). (H

Ideally, h(¢) should be an IMF. But, for the nonlinear data,
envelope average value may be different from the real local
average value, because of the existence of some asymmetry
waves. The filtering process mainly functions in two ways,
one is to delete the accumulated waves and the other is to
make the waves more symmetric. In order to achieve the
previous aim, we need to repeat the previous progress until
hy(f) becomes an IMF, which is marked as fi(#)=h,(?).

(3) After decompounding the first IMF from the original
sequence, using x(f) subtract f(f) we then get the remaining
value of the sequence:

x1(O=x()~f1(1). )

(4) x((¢) is regarded as the new “primitive” serial. Re-
peating the above steps and extracting the second, the third
and until the nth basic pattern of component in sequence,
then, x,(f) becomes a monotonous sequence, it does not
contain any mode of information, r,(f)=x,(¢) is the original
signal of the remainder term. Thus, the signal is decom-

posed into fi(r)(i=1, 2, ---, n), which are the intrinsic mode

functions and the remainder term x,(¢), that is
x(t) =) [0 +1,@). 3)
i=1

A lot of noise is often contained in the data of dam safety
detection, some useless frequency components not only
increase the number of layers of empirical mode decompo-
sition and decrease the efficiency of decompostion but also
accumulate the boundary error because of the excess of de-
composition. Decomposition series will have an impact on
the accuracy of empirical mode decomposition. Therefore,
we will use wavelet analysis for reducing the impact on the
analysis of data signals.

3 Application of phase space reconstruction in
the response variables of dam time-varying
characteristic

The sequence of response variables of dam time-varying
characteristic is the appearance characteristic of the entire
dam structure and is also the reaction of the system state
variables. It reflects the dynamic evolution of response var-
iables of the time-varying characteristic (displacement) un-
der the effects of the reason factors of concrete structures
(environment and load, etc.). The phase space reconstruc-
tion theory can establish the one-to-one correspondence
relationship between the state of system and the points of
the phase space. The one point of the phase space means a
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state of the system and the orbit of the phase space reflects
the evolution process of the state changes with time [17].
Therefore, the phase space reconstruction in the field of
nonlinear dynamics theory reconstructs the phase space of
the effect quantity of the time-varying characteristic, which
can analyze the development regularity of dam time-varying
characteristic. At present, phase space reconstruction theory
includes the delay reconstruction method and the derivative
reconstruction method.

Through delaying time, delay reconstruction method in-
serts one-dimensional observation sequence x(f) into
m-dimensional phase space:

X(@)=(x(t),x(t+71),  x@t+(m-1D1), 4

where 7is a positive integer, called the delay time.

Derivative reconstruction method can obtain system top-
ological equivalence reconstructed phase space by some
single variables’ all-order derivatives. In the reconstructed
phase space, vector elements are {x(¢), x(¢), X(¢),---} , where
x(¢),X(¢t) are the first and the second derivatives of x(¢)
respectively.

Since the phase space derivative reconstruction method
can effectively reflect time-varying effect quantity’s change
rate, in order to display the evolution process of time-vary-
ing characteristic better, this paper adopts derivative recon-
struction to reconstruct phase space. Dam’s irreversible de-
formation along with time can be expressed as first order
nonlinear differential equation, that is:

3, =f(5,,a), Q)

where &, is the time derivative of dam time effect defor-

mation Jy, namely time effect rate; a could be any parame-
ter.

At any time, system’s 59 = f(0,,a) represents the mo-
tion state which is called the phase that has been character-

ized by 59 and &, Their value corresponds to a plane

point namely phase point, and the plane (59,53) is called

phase plane (two-dimensional phase space) where abscissa
axis is for dam time-varying response variable Jy ordinate

axis for dam time effect change rate &, .

According to literature, time-varying monitoring model
for concrete dam deformation is

(@)
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ot)=f(H,T,6,t)=5,t)+6,.(t)+5,1), 6)

where Jy(f) is water component; J/{(f) is temperature com-
ponent; J41) is time effect component.
For a certain time #, by the use of expression (6) the cal-

culated value 3(t) can be obtained, after making a com-
parison between the calculated value 3(1) and the meas-

ured value &7), | 3([) —0(t)| can be obtained too. Accord-
ing to probability and statistic theory, the probability for
|5'(t)—5(t)| falling into the interval [0, 2S] is 95.5%, and
[0, 35] is 99.7% where S is the residual standard deviation
of this model. Hereby, the method which applies time-
varying monitoring model to judge anomaly occurrence is
put forward, that is:

(1) Normal: |5(t)—5(t)|<2S, dam structure is under
normal operation;

(2) Abnormal: 2S<| 5‘([)—5([)| <3S, dam structure is

under abnormal operation, but the measured value sequence
of dam deformation has a tendency variation;

(3) Dangerous: | éA'(t) —0(t) | >38, dam structure is under

abnormal operation, at this time, its causes should be ana-
lyzed on the basis of present or earlier period environmental
change, as well as whether there is anomaly occurrence in
dam’s own internal structure.

The response variable of dam time-varying characteristic
reflects the tendency variation of dam deformation, in addi-
tion, it is also the important index measuring dam structure
behavior. By the application of empirical mode decomposi-
tion method combined with time-varying monitoring model
for dam deformation, dam time-dependent deformation ()
is studied and the change forms of dam time-varying char-
acteristic are distinguished.

The development of dam deformation’s time-varying
characteristic response variable can generally divided into
three forms: (1) time-varying characteristic response varia-
ble increases gradually and tends to be stable, its time effect
change rate dd,/dr>0, moreover, d*s, 1d’<0, as shown in
Figure 1(a); (2) time-varying characteristic response varia-
ble maintains a constant speed to grow, its time effect
change rate dd,/dr>0, moreover, d*6, /d*=0, as shown in
Figure 1(b); (3) time-varying characteristic response varia-
ble develops at a increasing rate, its time effect change rate

(b) (c)

>t

> t > t

Figure 1 Evolution forms of the response variable of time-varying characteristic.
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d&,/dr>0, moreover, d>8, /d*>0, as shown in Figure 1(c).

By the application of derivative reconstruction method,
the reconstructed phase space can be made up which corre-
sponds to the response variable of dam time-varying char-
acteristic’s expression form (Figure 2). As shown in Figure
2, when the effect quantity of dam time-varying characteris-
tic tends to be stable along with time, the change rate of its
time effect also rapidly reduces and its corresponding path
decreases in line; when the response variable of dam
time-varying characteristic maintains a constant speed to
grow along with time, its corresponding path shows as an
horizontal line; when the effect quantity of dam time-vary-
ing characteristic develops at an increasing rate along with
time, its corresponding path increases in line. Thus, phase
space can visually display the evolution law of the response
variable of dam time-varying characteristic along with time
[18].

From the above, and according to dam deformation safe-
ty monitoring data, the response variable of dam time-var-
ying characteristic can be obtained by utilization of empiri-
cal mode decomposition theory and phase space reconstruc-
tion can be made through phase space reconstruction tech-
nique, and by obtaining path development the change law of
the response variable of dam time-varying characteristic can
be analyzed, in this case, not only its evolution and devel-

(a)
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opment process can be clearly studied, but also the practical
working behavior of dam operation can be better reflected.

4 Practical project analysis

Taking the radial displacement of a measuring point at the
top of a gravity arch dam as an example, we analyzed the
result by comparing the result of direct decomposing by the
wavelet with that of the comprehensive analysis based on
wavelet and EMD. From March 28, 2001 to December 31,
2007, there were 2370 values, almost each day had a value,
the interval of monitoring is Az = 1d, the curve of the mon-
itoring data is shown in Figure 3.

The time series of dam safety monitoring data is a digital
signal sequence with different frequency components. The
temperature of dam body often cycles with the air tempera-
ture, as well as the monitoring value. In addition, reservoir
water level also cycles with the alternating of seasons due to
the nature inflow. So the portion varying with environment
conditions (reservoir water level, temperature) has a certain
cycle: annual period with higher frequency which is notable;
the random portion influenced by random factor and moni-
toring error vibrates with high frequency; the other portion
is the buzz developed by the random factor and monitoring

(b) (©)

> t

>t > t

Figure 2 Phase plane corresponding with evolution forms of the response variable of time-varying characteristic.
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Figure 3 Curve of the monitoring data.
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error.

With the help of the computer calculation procedures, the
response variable of dam time-varying characteristic can be
separated from the dam safety monitoring data through the
empirical mode decomposition method, whose form of the
development and changes is shown in Figure 4.

Development and change trend of time response variable
separated from dam deformation safety monitoring data by
application of statistical model is shown in Figure 5.

The selected model of time effect deformation compo-
nent, which is separated from the response variable of dam
time-varying characteristic by application of statistical
model, is a linear term plus logarithmic term. That is, firstly
select time related factor, and then make regression analysis
of dam safety monitoring data to obtain time effect quantity.
This kind of method which drafts time effect factor before-
hand has certain artificial influence, and then its precision is
affected. Moreover, when reservoir water level, temperature
and other factors have close correlation with time effect,
regression analysis and separating result’s effectiveness
may be influenced by this kind of correlation.

Contrasting time-varying characteristic response varia-
ble’s development and change form in Figure 4 with time
effect component separated by statistical model, it is shown
that the overall changed forms are consistent, but have
slight difference in the change law. Development and
change form of time-varying characteristic response varia-
ble separated by empirical mode decomposition is relatively
smooth and gentle in two ends, intermediate curve slope has
a great change and its change rate is greater than the change
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Figure 4 Effect quantity of time-varying characteristic separated by
empirical mode decomposition.
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Figure 5 Response variable of time-varying characteristic separated by
statistical model.
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rate in two ends; whereas time effect component separated
by statistical model changes relatively quickly in earlier
period and then relatively slowly in the later period, it is
determined by the nature of time effect component model.
Practical monitoring value sequence’s change curve in
Figure 3 cannot clearly reflect the change and development
trend of the effect quantity of dam time-varying characteris-
tic along with time. Its time-varying effect quantity’s
change has been covered by water level and temperature
influence. Dam’s deformation appears to change steadily,
however, its time-varying effect quantity still has a slow
evolution with time. The change form of time-varying re-
sponse variable in Figure 4, which is obtained through em-
pirical mode decomposition theory, can plainly display the
evolution process of the response variable of dam time-
varying characteristic along with time. It is seen that dam
deformation monitoring points’ change has obvious con-
vergence trend, and the deformation tends to be stable. But
in Figure 4 only visual embodiment and the overall trend of
the response variable of dam time-varying characteristic’s
evolution process have been reflected, to get further under-
standing of its specific development and change process,
phase space of the response variable of dam time-varying
characteristic should be reconstructed, as shown in Figure 6.
Change interval above zero coordinate line (horizontal
dashed line in Figure 6) is time effect deformation increas-

ing interval where its change rate 5‘5 is positive, and
change interval below zero coordinate line is time effect
deformation decreasing interval where its change rate 59
is negative. If the absolute value of time effect change rate
5'5 is bigger, then time effect change speed is higher, while

the absolute value’s reducing means time effect change rate
gets slower. Horizontal axis Jg has reflected dam time-var-
ying effect quantity value’s change process.

In the analysis of Figure 6, f, is the initial monitoring
time of the response variable of dam time-varying charac-

-06 -09 1.2 -15 -18
dy(mm)

Figure 6 Phase plane of response variable of time-varying characteristic.
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teristic, and #,, #,, #; are the corresponding time of intersec-
tion points of time effect’s phase path and zero coordinate
line, that is the typical time when dam time-varying charac-
teristic change law undergoes a change. First, time effect
deformation of the response variable of dam time-varying
characteristic increases in the interval [f,, #;], from about
—0.73 mm to about —0.58 mm, and its change rate decreases
gradually; time effect deformation decreases in the interval
[t1, t,], from about —0.58 mm to about —1.60 mm, and its
change rate increases at first and then decreases; after 1,
time-varying effect quantity starts to increase again, what is
more, its change rate gradually speeds up at first and seems
to slow down when getting to a certain degree; when arriv-
ing at 3, time-varying effect quantity has already increased
to —1.40 mm, after #;, it begins to decrease again and its
reducing rate speeds up, when time-varying response varia-
ble decreases to about —1.60 mm, the reducing rate of dam
time-varying effect quantity also slows down and the
change tends to be stable.

5 Conclusion

In summary, by use of empirical mode decomposition the-
ory and based on dam deformation safety monitoring meas-
ured data, the response variable of dam time-varying char-
acteristic can be separated, which has less impact on the
separated result compared with traditionally statistical mod-
el because of artificial factor, and therefore it can improve
the precision of further analysis in the response variable of
dam time-varying characteristic; by application of nonlinear
dynamic phase space reconstruction technique and con-
ducting time effect deformation phase space reconstruction
to the separated response variable of dam time-varying
characteristic, the phase path of the response variable of
dam time-varying characteristic is obtained, by which not
only tiny fluctuation phenomenon that time-varying charac-
teristic response variable changes with time can be clearly
reflected, namely enlarging an tiny change, but also the
whole development and change process of the response
variable of dam time-varying characteristic can be fully
studied. Then dam time-varying characteristic evolution law
is analyzed, and the degree that dam time-varying charac-
teristic affects dam safe operation is studied, which provides
technical support for further analysis of dam practical
working behavior.

Sci China Tech Sci

June (2010) Vol.53 No.6

This work was supported by the National Science and Technology Support
Plan of China (Grant Nos. 2006BAC14B03, 2008BAB29B06, 2008BAB29B03),
National Natural Science Foundation of China (Grant Nos. 50909041,
50879024, 50809025), Science and Technology Support Project of China
Hydropower Engineering Consulting Group Co. (Grant No. CHC-KJ-
2007-02), Special Scientific Research Fund of Doctor Subjects of Colleges
and Universities (Grant No. 20070294023), Jiangsu Province 333Training
High-level Talents Projects (Grant Nos. 2017-B08037).

1 Wu Z R. Safety Monitoring Theory and Its Application of Hydraulic
Structures (in Chinese). Beijing: Higher Education Press, 2003
2  Wu ZR, Gu C S. Hidden Trouble Detection and Health Diagnosis of
Large Hydraulic Concrete Structure (in Chinese). Beijing: Higher
Education Press, 2005
3 GuCS, WuZR. Safety Monitoring of Dams and Foundations— The-
ories & Methods and Their Application (in Chinese). Nanjing: Hohai
University Press, 2006
4 Luc E C. Statistical analysis in real time of monitoring data for idukki
arch dam. 2nd International Conference on Dam Safety Evaluation.
Trivandrum, India, 1996. 381-385
5 Wu Z R, Wang Z R. Dynamic monitoring model of space displace-
ment field of concrete dam (in Chinese). International Symposium on
Monitoring Technology of Dam Safety, Nanjing, 1992. 215-224
6 Kalkani E C. Polynomial regression to forecast earth dam piezometer
levels. J Irrig &Drain Eng-ASCE, 1989, 115: 45-55
7 Crépon O, Lino M. An analytical approach to monitoring. Intl Water
Power & Dam Constr, 1999, (6): 52-54
8 Mori R T, Pinto N L S. Analysis of deformation in concrete faced
rockfill dam to improve face movement prediction. Transactions 16th
International Congress on Large Dams. San Francisco, 1988
9 Islam M K, Sumi A, Rahman M S. Analysis of temperature change
under global warming impact using empirical mode decomposition.
Intl J Inform Technol, 2006, 3: 131-139
10 Huang N E, Shen Z, Long S R, et al. The empirical mode decomposi-
tion and the Hilbert spectrum for nonlinear and non-stationary time
series analysis. Proc Royal Soc London, 1998, 454: 903-995
11 Kantzh H, Schreiber T. Nonlinear Time Series Analysis. Cambridge:
Cambridge University Press, 2000
12 King G P, Ian Stewart. Phase space reconstruction for symmetric dy-
namical systems. Physica D, 1992, 58: 216228
13 13 Xu X G, Xu G L, Wang X T, et al. Empirical mode decomposition
and its application (in Chinese). Acta Electron Sin, 2009, (3): 581-
585
14 Huang N E, Shen Z, LongS R, et al. The empirical mode decomposi-
tion and the Hilbert spectrum for nonlinear and non-stationary time
series analysis. Proc Royal Soc London, 1998, A(454): 903-995
15  Enright M P, Frangopol D M. Time-variant system reliability predic-
tion. 8th ASCE Specialty Conference on Probabilistic Mechanics and
Structural Reliability, PMC2000-053, 2000
16  Schreiber T. Extremely simple nonliear noise reduction method. Phys
Rev E, 1993, 48: 24012404
17 Qin W Y, Ren X M, Yang W X, et al. Signal processing based on
wavelet and phase space reconstruction (in Chinese). Mech Sci
Technol, 2000, 9: 82-83
18 Duan W F, Zhang J N, Huang W X, et al. Study on the derivative re-
construction method (in Chinese). J Sichuan Univ, 2001, 9: 102-106





