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Abstract: Prototype vibration response data of high arch dam discharge structures inevitably mix
various noises under the discharge excitation, which adversely affects the accuracy of the working
modal identification of the structure. To effectively filter noise and reduce modal aliasing for better
identification accuracy, this study proposes an improved modal threshold identification method based
on an improved wavelet threshold-empirical mode decomposition (EMD) and random decrement
technique (RDT) algorithm for high arch dam discharge structures. On the basis of the measured
vibration response data of the dam, the wavelet threshold is adopted to filter out most of the high-
frequency white noise and to reduce the boundary accumulation effect of EMD decomposition.
Detrended fluctuation analysis (DFA) is utilized to filter white noise and low-frequency flow noise
after EMD decomposition. The natural frequency and damping ratio of the structure system are
obtained by the improved RDT algorithm. The engineering examples show that the proposed method
can accurately filter the measured vibration response signal noise of the discharge structure, retain
the signal characteristic information, improve the accuracy of working modal recognition of the
structural vibration response, avoid the complex ordering process of the system, and ease the working
modal parameter identification of high arch dam discharge structures. This method can be applied to
the mode identification of other large structures, as well.

Keywords: high arch dam; signal processing; working modal identification; vibration under
discharge excitation; noise reduction

1. Introduction

High arch dams are located in deep mountain valleys, which have a large flow per
unit width and high flood peak energy during discharging. Flood-induced vibrations of
arch dams are a key technical problem related to the safety of arch dam structures. Modal
parameter identification of discharge structures is an important technical approach to
confirm the operating state of dam structures [1-8]. Various monitoring facilities have been
applied to monitor the environmental variables and vibration responses of dams. Noises
are inevitably contained in the prototype vibration response data of discharge structures
due to the complex working environment of data collection and the difficulty in excitation
of large discharge structures. The condition considerably affects the accuracy of working
modal identification of discharge structures. Therefore, it is necessary to eliminate the
environmental background noise and to accurately identify the modal parameters of the
high arch dam discharge structure under the working environment load excitation.

Based on the identification of structural modal parameters under environmental excita-
tion, traditional modal identification methods, including stochastic subspace identification
(SSI) [9,10], RDT [11], Hilbert-Huang Transform (HHT) [12,13], etc., have been successfully
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applied in the identification of structural modal parameters under environmental excita-
tion. The frequency domain decomposition method was applied by Li [14,15] to identify
the modal parameters of a high arch dam under discharge excitation, which verified the
feasibility of identifying the working modal parameters of the structure by using only the
fluid-induced vibration response of the structure. Tian et al. [16,17] applied RDT to the
working modal identification of a cantilever beam. However, RDT seems to be powerless
for dealing with non-stationary signals. Zhang et al. [18] applied the HHT method to iden-
tify the modal parameters of the dam discharge structure. The ability of HHT to identify
the frequency-intensive structure is confirmed, but there are end effects, modal aliasing,
and other defects in the actual calculation process. Therefore, the method of combining
RDT with HHT to suppress the deficiencies of the two methods has been proposed by
many experts. He et al. [19,20] combined HHT and RDT to identify the working mode
of the Nanjing Yangtze River Bridge. Han et al. [21] applied HHT-RDT method to the
working mode identification of structures under seismic action. However, the original
signal obtained by the prototype vibration response test under the discharge excitation
had a certain deviation due to the existence of background noise. Accordingly, an accurate
reflection of the mechanical characteristics of the structure could not be obtained. Noise
reduction of the prototype vibration response data is essential to obtain accurate structural
feature information. For the noise reduction of signals, many experts have conducted a
series of discussions. Tang et al. [22-24] applied wavelet analysis for signal denoising,
but the filtering effect mainly depends on the selection of the wavelet threshold. Zhao
et al. [25,26] applied the EMD method for signal decomposition based on the time-scale
characteristics of the data. It is easy for the mixed noise and white noise signals to cause
a loss of effective information. Li et al. [27,28] applied the wavelet threshold denoising
method based on EMD. However, EMD decomposition leads to different degrees of end
effects and modal aliasing when the signal contains sound noise or white noise [29]. Zhang
et al. [30,31] applied the hybrid method of wavelet analysis and EMD noise reduction,
which can effectively extract the value information of low-SNR discharge structures, but
the wavelet basis is difficult to determine.

On the basis of the above-mentioned studies on theoretical analysis and simulation
experiments of high arch dam discharge structure, this study proposes an improved wavelet
threshold—-EMD and RDT algorithm for working modal identification of high arch dams.
Prior to modal identification, the improved wavelet threshold-EMD algorithm is used to
effectively process the signal. The improved wavelet threshold function is used to filter out
most of the high-frequency white noise and reduce the boundary accumulation effect of
EMD decomposition. The white noise and low-frequency flow noise are further filtered by
DFA after EMD decomposition. The improved RDT algorithm is applied to the working
mode identification of the high arch dam discharge structure. The EMD process of the
vibration response signal is controlled by a band-pass filter to obtain each modal component
of the structure, the free attenuation signal of each modal component is extracted by RDT
method, and the natural frequency and damping ratio of the high arch dam discharge
structure are obtained by HHT and least squares fitting. The method is applied to the
measured vibration response analysis of a high arch dam structure.

2. Basic Theory
2.1. Improved Wavelet Threshold—-EMD Hybrid Algorithm for High Arch Dam Noise Reduction

The data collection working environment of the high arch dam discharge structure is
complicated, and the vibration interference type is shown in Figure 1. Some low-frequency
interference signals and white noise are mixed in the prototype vibration response data
of the discharge structure. An improved wavelet threshold-EMD hybrid algorithm is
proposed to filter noise in the discharge structure response of arch dams in order to retain a
large number of useful signals in the original signal.
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Figure 1. Prototype vibration response of the arch dam.

This method fully combines the advantages of wavelet threshold and EMD denoising:
wavelet threshold is used to separate the high-frequency noise in the signal, to suppress the
endpoint effect of EMD, to reduce the influence of mode mixing, and to lay a foundation
for the subsequent EMD noise reduction; EMD decomposition further separates the white
noise and low-frequency flow noise and improves noise reduction accuracy. The basic
principle is as follows:

The key to wavelet threshold denoising [32,33] is not only the selection of the threshold
function, but also the estimation of the wavelet threshold size. The main idea of signal
denoising is to reconstruct the compressed coefficient on the basis of the preset wavelet
transform coefficient of the compressed signal.

In selecting the wavelet threshold, the threshold selection method of traditional
wavelet threshold denoising is:

T =0,v2InN 1)

where 0, is the standard deviation and N is the signal length.

For the vibration signal of the discharge structure submerged by noise, the wavelet
coefficient of the noise decreases with the increase of the number of decomposition layers,
which affects the noise reduction effect. The traditional threshold formula calculates the
global threshold, which is obviously not suitable for the noise reduction processing in this
study. An improved wavelet threshold denoising method is proposed. The number of
decomposition layers j is determined by a white noise test [34]. The threshold functions
of each layer are designed according to the number of decomposition layers j. The noise
components in the high-frequency coefficients are separated to completely eliminate the
noise components while retaining the original useful signal. The improvement process is
expressed as:

T = toe”N;,/21gN;/1g(j + 1) ()
where N; is the signal data length; j is the number of decomposition layers; and ¢ is the
standard variance of noise, whose calculation formula can be written as:

o = median(abs(D))/0.5 x N;) 3)

where D is the absolute median of the high-frequency coefficient.
Traditional threshold functions include the soft threshold function and the hard thresh-
old function. The hard threshold function is used to keep the wavelet coefficient constant
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when the absolute value of the wavelet coefficient is greater than or equal to the given
threshold value, otherwise it should be set to zero. The formula is as follows:

Z/U',k, ‘W‘,k) Z T
D=4 : @)
0, ‘wj,k‘ <T

where @; is the estimated wavelet coefficient after the threshold is applied, and w is the
wavelet decomposition coefficient of the signal.

The soft threshold function is used to subtract the threshold when the absolute value
of the wavelet coefficient is greater than or equal to a given threshold, otherwise it should
be set to zero. The formula is as follows:

N {Sgn(wj,k)(‘wj,k

- T) w]‘,k >T

©)

ZU',k =
! 0, Wik <T

The hard threshold function can effectively preserve local features such as signal edges.
The soft threshold algorithm is relatively smooth but will cause distortion phenomena such
as edge blur. To overcome the shortcomings of the soft and hard threshold algorithms, this
study proposes an improved wavelet threshold function, which is defined as follows:

Sgn<wj,k)[‘wj,k‘ — eIl g | > 7

Wi = 0 wi| <T ©
where ¢ is the adjustment factor.
When ‘w]»,k’ > T, the following function can be obtained as:
f(x) = sgn(x)[|x| - tTel =0T 1D )
Thus,
@ _ [x—tTg<1;>(Tf>f>] —1— tTe(l_;)<T—x) N 1(x = 4o x>0
@ _ [x+tTe<1x”>(T”)] 14+ tTe(1*;)<T+x) (x> o) x<0 ®)

The improved threshold function is equivalent to a function between the soft and hard
threshold functions. When the original signal contains a large number of sharp mutations,
T is moved toward the hard threshold direction. On the contrary, when the original signal is
relatively smooth, T is moved toward the soft threshold. Thus, the size of T can be adjusted
adaptively to obtain an excellent denoising effect.

The improved wavelet threshold noise reduction filters out high-frequency white
noise in the signal while reducing EMD endpoint effects and modal aliasing. The EMD
noise reduction is further performed on the vibration signal, and the white noise and the
low-frequency water flow noise are further filtered.

The EMD method [35,36] iteratively decomposes several IMF components and one
residual signal by using the screening process based on the cubic spline interpolation
method for the signal x(t), which can be expressed as:

x(t) = Y ci(6) + ra(t) ©)
j=1

where 7 is the number of decomposed IMF components and r,(t) is the residual signal
of x(t).
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The iterative screening of IMF components [37] is an important part of EMD decom-
position. According to the orthogonality of EMD decomposition, if the decomposition is
correct, the IMF components are orthogonal to each other, and the IMF orthogonal index is
defined as:

T (n+1n+1
I0=Y (Z Y IMF(t) x IMF]-(t)/x(t)2> (10)

t=0 \i=1 j=1

If the orthogonal index is small, the modal components are uncorrelated and no
modal aliasing occurs; conversely, the modal aliasing is severe. Traditional threshold
parameters are replaced by the orthogonal index to control the IMF screening process and
to increase the frequency-intensive structure-identification ability of EMD decomposition.
The orthogonal index IO reaches the minimum by the number of iterations of different IMF
and is expressed as:

x(N) = argmin(IO) (11)

where N is the number of iterations per level IMF.

DFA [38,39] is adopted to determine the EMD threshold of the remaining IMF com-
ponents to further filter out the noise. The formula for calculating the index «; is shown
as follows:

2N
1 2
logyre) _ oBleks 1 0]

= log,s 2log, s (12)

Theoretically, the corresponding sequences are white noise, pink noise, and brown
noise when a; < 0.5,0.5 < a; < 1,and 1 < &; < 1.5, respectively. The noise of vibration
response data of the discharge structure is mostly white noise. In this paper, only the white
noise is considered, and the threshold for white noise is taken as 0 < «; < 0.5. In addition,
the noise in the prototype vibration signal of the arch dam is filtered with the improved
wavelet threshold and EMD algorithm.

2.2. Modal Parameter Identification of High Arch Dam Discharge Structures Based on Improved
HHT-RDT Algorithm

A modal identification method based on the HHT-RDT algorithm is proposed for
the measured vibration response data of high arch dam structures in this paper. The HHT
method is used to extract the modal response components of each order, and the RDT
method is used to extract the feature information of each order component, so as to make
up for the shortcomings of the two methods.

RDT is a processing method for extracting the free vibration response from the random
response signal of structures. The method uses the property of the vibration signal mean
value in the stationary stochastic process to identify the deterministic or random vibration
signals and then extract the deterministic vibration signal.

For the linear system, assuming that X;(t) and Xp(t) are the structural response
data satisfying the gaussian distribution, according to the trigger condition, their random
decrement cross-correlation function is:

Cx;(ti) = [a1 < X(t;) < o] (13)
Dyyxy (T) = E[X3 (8 + T)[Cxy (8)] (14)
Diyxy (T) = E[X2(t; + T)[Cxy (8)] (15)

where E[-] represents the mathematical expectation of the cross-correlation function, which

can be written as:
_ Ry (T)E _ Rux (1)

Dyyx, (7) = o2, 2 b (16)
1 X1
R R -
Diyx, (T) = ";’;x(f)a— ";’;‘T)b (17)
1 X1
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Dx2x1(T) = E[XZ(ti + T)|Cx1 (ti)} (18)

[12 apsy (i 5y i (D
Jo2 pay (x)dx 2 by, ()i

For complex structures such as high arch dams, the structure composition is not a
single linear system, but a multi-degree-of-freedom system. Therefore, the motion equation
of arch dam structures under environmental excitation can be written as:

where Ry, (T) = E[X;(H) X1 (t+ 1), (i=1,2),a =

MX () + CX(t) + KX(t) = F(t) (19)

where M, C, and K are the mass matrix, damping matrix, and stiffness matrix of the arch
dam structure, respectively; x is the displacement vector; and F(f) is the external excitation
load vector.

Assuming that the external force is a stationary Gaussian stochastic process with a
mean of zero, in the case where the mass, damping, and stiffness matrices are determined,
Ry, is the homogeneous solution of the equation of motion and is shown as:

MRy, (T) + CRyx, (T) + KRy, (T) = 0 (20)

The RDT function can be estimated as:

. 1Y
Ryjx (T) = ;Z xj(ti +7)
i=1

Coe(ty) (21)

where ﬁxjxk (7) is the random decrement function of X;(t) for Xi(t); N is the total number of
trigger events; Cy, (t;) is the specified punctual trigger condition; and ¢; is the ith moment.
In this paper, the waveform components of each order are obtained by the HHT
method before identification by the RDT method. According to the approximate range of
the main frequency reflected by the self-power spectrum of the signal, the pre-nth order
natural frequency distribution of the system is obtained (wq; < w1 < wigr, wop, < Wy < WoR,
oo, Wy < wy < wyr). If the i-th modal response component is solved, the input signal
X;(t) is passed through a filter having a bandpass frequency of w;; < w; < wig. After
obtaining n waveform components, EMD is performed on each waveform component, and
the obtained first-order natural mode function is used as a modal component. The modal
response components obtained are stationary signals. The free-decay response function of
each modal component is extracted by the RDT algorithm, which can be expressed as:

Xo + CwpXo

x(t) = e (xq cos(wgyt) +
Wy

sin(wyt)) (22)
where wy is the natural frequency of the system; ¢ is the relative damping coefficient; x
and x are the initial displacement and velocity, respectively; and wq = wp+/1 — &2 is the
damped natural frequency.

In addition, the expression can also be written as:

x(t) = Age 50" (xq cos(wat) + o) (23)

where A is a constant, which is related to the excitation load intensity, structure mass, and
frequency characteristics. HT is applied to obtain the analytical signal of x(t) as:

z(t) = x(t) + jH(x(t)) = A(t)e 7®) (24)

When the damping in the system is small, the amplitude and phase in the equation
can be expressed as:
A(t) = Age 0, 0(t) = wat + o (25)
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The amplitude and phase functions of the equation above are analyzed by logarithmic
and differential operators, respectively, to obtain:

lnA(t) = —Cwot +1In Ay, (U(l’) = %(:) = w,

(26)

The natural frequency wy and damping ratio of the system can be obtained by
wy = wpy/1— g2. Therefore, the natural frequency and damping ratio of the structure
are obtained.

2.3. Recognition Process Based on Improved Wavelet Threshold—EMD and RDT Algorithm

Based on the above-mentioned theories, the construction procedure of modal pa-
rameter identification of high arch dam discharge structures based on improved wavelet
threshold-EMD and RDT algorithm is shown in Figure 2.
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Figure 2. Flow chart of modal parameter identification of high arch dam discharge structures.

3. Application Case
3.1. Engineering Data

The barrage is a typical high arch dam with a dam crest elevation of 1205 m and a
maximum height of 240 m. To accurately obtain the working behavior of the arch dam, the
measured points were arranged at the dam crest arch and the arch crown beam. Among
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them, the arch ring was arranged with seven horizontal dynamic displacement measuring
points B1-B7 from the left bank to the right bank, and the crown beam was arranged with
four horizontal dynamic displacement measuring points B8-B11 from the top to the bottom
of the dam. The arrangement of arch dam prototype flood discharge vibration measurement
points is shown in Figure 3, and the test conditions of the discharge vibration of the arch
dam prototype are shown in Table 1. The dynamic displacement sensor was a DP seismic
low-frequency displacement sensor with a frequency response range of 0.35-200 Hz and a
sensitivity of 8-15 mv/um. The DASP data acquisition and processing system was used
for data acquisition. The sampling frequency was 200 Hz, the sampling time was 300 s,
and the collected data points totaled 6000. The new method was demonstrated using the
sampling data of the displacement monitoring data of the arch dam.

B <71205.00m

Figure 3. Arrangement of arch dam prototype flood discharge vibration measurement points. (a) The
arch dam prototype; (b) Sensor arrangement for the arch dam vibration test; (c¢) DP-type dynamic
displacement sensor; (d) DASP signal acquisition system.

Table 1. Test conditions of discharge vibration of arch dam prototype.

" . . Upstream Downstream
Condition Spillway Opening Water Level (m) Water Level (m)
1 Fourth surface spillway and first tunnel spillway 1196.00 1014.36
2 Third, fourth surface spillway and first tunnel spillway 1196.01 1014.50

In the process of signal acquisition, the vibration response data of the discharge
structure of the arch dam under discharge excitation easily mixed with some noises that
covered up the useful signals, which will affect the accuracy of vibration response analysis
of the test results. The time history signals and power spectra of typical B2, B3, B4, and B8
measuring points under working condition 2 are shown in Figures 4-7. For the measured
points B2 and B3 at the arch ring, the measuring points of the dam body near the dam
shoulder had more vibration frequency components, and the vibration amplitude was
smaller as it was closer to the dam shoulder. For the measuring points B4 and B8 of the
arch crown beam, the vibration energy of the dam body of the high-frequency component
was less than that of the low-frequency component, and the high-frequency peak was
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submerged by the low-frequency peak. Each measuring point only contained the first-
order low-frequency component, and the vibration amplitude decreased with the decrease
of elevation. In order to verify the rationality and accuracy of this method for noise
reduction of arch dam discharge structures, the measuring points B2, B3, B4, and B8 are
analyzed, respectively.
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Figure 4. Time history signals and power spectra of B2 measuring point under condition 2. (a) Time
history signals; (b) Normalized power spectra.
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Figure 5. Time history signals and power spectra of B3 measuring point under condition 2. (a) Time
history signals; (b) Normalized power spectra.
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Figure 6. Time history signals and power spectra of B4 measuring point under condition 2. (a) Time
history signals; (b) Normalized power spectra.



Water 2022, 14, 3735

10 of 15

m

Vibration amplitude(um)

.44 4

e = 2o e

Power spectrum (um’/Hz)

S N e &
R

40 60 30 100 0 > 4 6 8 10
Time(s) Frequency (Hz)

(a) (b)

Figure 7. Time history signals and power spectra of B8 measuring point under condition 2. (a) Time
history signals; (b) Normalized power spectra.

3.2. Improved Wavelet Threshold—-EMD Hybrid Algorithm for Signal Noise Reduction

The original noise-containing signal and its normalized power spectral density curve
are obtained, as shown in the Figure 3, on the basis of the measured displacement signal
data of typical measurement point B2 under condition 2 of the arch dam. The time history
diagram of the original signal and the power spectral density curve show that a large
amount of white noise and low-frequency interference terms are mixed. The improved
wavelet threshold-EMD hybrid algorithm was used to denoise the original signal. The
time history diagram and the normalized power spectral density curve after filtering noise
are shown in Figure 8.

N1
—--—Qriginal signal NE 1.44
. —— Najse reduction signal E 0.8}
¥ X h ~—
" £0.6¢}
=
=
2041
&
‘ w02
! ¥ g
2 0
8 10 ~ 0 2 8 10

Fr?aquency (ﬁz)
(a) (b)

Figure 8. Time history diagram and the normalized power spectrum diagram after noise reduction.
(a) Time history signals; (b) Normalized power spectra.

A comparison of the dam time history diagram before and after filtering is shown in
Figure 4; it can be seen that many burrs appear in the original dam time history diagram of
the arch dam. After filtering by this method, the burrs of the new time history diagram
were eliminated. In the original power spectrum, many interference signals such as low-
frequency interference signals and white noise were found. In the filtered new power
spectrum, low-frequency interference signals below 0.5 Hz have been eliminated, and
white noise has also been removed.

In further verifying the effectiveness and superiority of the noise reduction method,
wavelet threshold denoising, EMD denoising, and the improved wavelet-EMD hybrid
algorithm are used to process the vibration response signal of the arch dam. The results are
shown in Figure 9.
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Figure 9. Comparison of calculation results of three noise reduction methods. (a) Time history signals;
(b) Normalized power spectra.

Figure 8 shows that the improved wavelet threshold-EMD hybrid algorithm works
better than the two other methods of noise reduction. Wavelet threshold denoising can
remove high-frequency noise but cannot remove low-frequency flow noise. As a result,
the signal is subject to large losses, and no excellent filtering effect is achieved. The EMD
method effectively removes the low-frequency water flow noise during filtering but causes
modal aliasing easily, which results in difficulty in the modal identification of high arch
dam structures. The improved wavelet threshold-EMD hybrid algorithm is used in the
study: the wavelet threshold filters the high-frequency noise signal, inhibits the EMD
endpoint effect, and reduces the modal aliasing. Then, EMD decomposition is used to
further filter low-frequency flow noise and white noise. This method retains the useful
signal components as much as possible and reflects the effective feature information of the
structure. Therefore, the improved wavelet threshold-EMD hybrid algorithm is suitable
for the noise reduction of the vibration signals of high arch dam discharge structures.

3.3. Modal Identification of Working Parameters of High Arch Dam Discharge Structures

After the measured vibration response is filtered, the combination of HHT and RDT
is used to identify the working modal of the high arch dam discharge structure under
discharge excitation. The power spectral density curve in Figure 4 has peaks in many places.
Considering the absence of mode aliasing, the pass band is taken directly by band-pass
filtering, and the pass bands are 1-1.5 Hz, 1.5-2 Hz, 2- 2.5 Hz, 2.5-3 Hz, 3-4 Hz, 4-5 Hz,
5-6 Hz, 6-8 Hz, and 8-10 Hz, respectively. After filtering, 10 components of Y{—Y1 are
obtained. The power spectrum of these components is shown in Figure 10.

1.44Hz

Y, 250}

1000y 400 200
750} 1.52Hz 300 2.21Hz 150'-

500} 200 100

100 [ Y4 ]

2.80Hz

10 % 2 4 ¢ 0 0 %2 4 6 81

/\ 3580z |o.75
l

Ys 0.25 Yo

1 3 0.18 /\ < 15H;
0.12 /\3' —

=B

0.5

$ 10 %24 6 8 10% 24 6 8 10% 2 4 6 8 10

0.06
0.04

0.02 j\

N
074 ¢ s 10 "0 2 4 ¢ 81012
Frequency (Hz)

>

9.67Hz

bl ot g e
SR EAN D = N

Figure 10. Power spectral of Y;~Y1y components.
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The free attenuation response of each component is extracted by RDT, the HHT and
least squares fitting are used to obtain the relationship between amplitude and phase with
time, and then the natural frequency and damping ratio of the structure are obtained. The
time history diagram and power spectral of Y; are shown in Figure 11a,b. The logarithmic
amplitude curves of the free-decay response signal and the least squares fit are shown in

Figure 11c,d.
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Figure 11. Process of modal parameters identification of Y1 component. (a) Time history; (b) Power
spectra; (c) Free attenuation response; (d) Logarithmic amplitude curve.

The natural frequency and damping ratio of the first 10 orders of measurement points
from B2, B3, B4, and B8 were obtained in sequence using the aforementioned method, and
the recognition results are shown in Table 2. The recognition results show that the method
in application can identify the natural frequency and damping ratio of the first 10 orders of
the arch dam.

Table 2. Comparison of modal identification results of different measuring points of the high arch
dam structure.
Modal Natural Frequency/Hz Damping Ratio/%

Order B2 B3 B4 B8 B2 B3 B4 B8
1 1.44 1.44 1.44 1.43 1.45 1.79 1.51 } g?
2 1.52 1.53 1.52 1.53 1.54 1.08 1.26 1.35
3 2.21 2.19 2.19 2.20 1.45 1.28 224 1.46
4 2.80 2.81 2.78 2.81 1.48 1.46 2.17 1.28
5 3.58 3.60 3.59 3.61 1.31 3.47 4.08 1.79
6 4.32 4.31 4.32 4.28 4.38 4.96 6.5 5.6
7 4.90 4.90 4.92 491 2.18 1.93 3.67 2.38
8 5.15 5.12 5.20 5.21 2.86 5.5 2.87 6.72
9 7.24 7.28 7.30 7.26 7.67 7.16 8.12 7.47
10 9.67 9.69 9.58 9.52 4.79 6.45 6.45 5.34
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The recognition results indicate that the identification working frequencies of each
order of each measuring point are very close, the frequency identification error is within 3%,
and the damping ratio of each order is within 9%. To further explain the rationality of the
modal identification results of the high arch dam, the modal parameters were calculated by
the eigensystem realization algorithm (ERA) method [40], ARX [41] method and Ibrahim
time domain (ITD) method [42]. The results for natural frequency are shown in Table 3.

Table 3. Modal frequency identification of the high arch dam discharge structure with different methods.

Modal Order Method in the Study/Hz ERA/Hz ARX/Hz ITD/Hz
1 1.44 1.45 1.42 1.43
2 1.52 1.53 1.47 1.51
3 2.21 222 2.14 2.08
4 2.80 2.87 2.81 2.79
5 3.58 3.74 3.68 3.63
6 4.32 4.38 4.40 4.32
7 49 4.82 4.71 4.85
8 5.15 5.09 5.03 /
9 7.24 7.36 6.98 7.01
10 9.67 9.52 9.16 /

Table 3 shows that the results obtained using the proposed method are more consistent
than those obtained by other typical identification methods. The proposed method can
accurately determine the natural frequency and damping ratio of the structure and can
identify its higher modal order. ERA can accurately identify the first six natural frequencies
of the structure; however, as the order increases, the ERA method cannot fully identify the
frequency of the structure because of the difficulty in order determination, thereby affecting
the work mode recognition results of the structure. The order of the ARX method is difficult
to determine; thus, frequency mixing in the structure easily occurs, and distinguishing
the characteristic frequency is difficult. These factors bring difficulties to the recognition.
The ITD method can identify the frequency information accurately but cannot fit the
higher-order modes. The proposed improved wavelet threshold-EMD and RDT algorithm
involves two processes. The first process uses the improved wavelet threshold-EMD
method to reduce noises of the original signal, retain the main characteristic information,
and reduce the influence of modal aliasing. The second process applies the improved RDT
algorithm to the working modal parameter identification of the high arch dam discharge
structure. The band-pass filter is used to control the EMD process of the vibration response
signal to obtain the modal components of the structure, the RDT method is used to extract
the free attenuation information of each modal component, and the natural frequency and
damping ratio of the first 10 orders of the structure are identified. This method avoids
complex system ordering and frequency mixing in modal decomposition. The principle
is simple and solving large matrices is not required during calculation. Therefore, the
proposed method can be used for modal parameter identification under the discharge
excitation response of high arch dams and can be applied to other engineering applications.

4. Conclusions

An improved modal threshold identification method for high arch dam discharge
structures is proposed. This method can eliminate the high-frequency white noise and
reduce the influence of the modal aliasing effectively and identify the modal parameters of
high arch dam discharge structures accurately. The specific conclusions are as follows:

1.  An improved wavelet threshold-EMD hybrid algorithm is proposed for noise re-
duction pretreatment on measured vibration response data of high arch dams. The
improved wavelet threshold algorithm was adapted to overcome the defect of soft and
hard threshold function selection, which can effectively eliminate the high-frequency
white noise and reduce the influence of the modal aliasing. Then, EMD further
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eliminates the low-frequency flow noise and white noise, improving the accuracy of
filtering and noise reduction.

2. Animproved wavelet threshold-EMD and RDT algorithm is proposed for working
mode identification of high arch dam discharge structures under the working en-
vironment load excitation. The proposed method avoids the complicated system
ordering process and accurately identifies the modal parameters of high arch dam
discharge structures. This method has a simple principle and does not require solv-
ing large matrices during calculation. The result has strong robustness and high
identification accuracy.

3. The engineering examples show that the proposed method can accurately extract the
work characteristic information of structures, has good noise reduction capabilities,
and has high recognition accuracy. Therefore, this method eases the working modal
parameter identification of high arch dam discharge structures and can be used for
working modal recognition of other large frequency-intensive structures.
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