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Abstract: The system identification of concrete dams using seismic monitoring data can reveal the
practical dynamic properties of structures during earthquakes and provide valuable information for
the analysis of structural seismic response, finite element model calibration, and the assessment of
postearthquake structural damage. In this investigation, seismic monitoring data of the Pacoima
arch dam were used to identify the structural modal parameters. The identified modal parameters
of the Pacoima arch dam, derived in different previous studies that used forced vibration tests
(FVT), numerical calculation, and seismic monitoring, were compared. Meanwhile, different modal
identification results using the input-output (IO) methods and the output-only (OO) identification
methods as well as the linear time-varying (LTV) modal identification method were adopted to
compare the modal identification results. Taking into account the different excitation, seismic input,
and modal identification methods, the reasons for the differences among these identification results
were analyzed, and some existing problems in the current modal identification of concrete dams are
pointed out. These analysis results provide valuable guidance regarding the selection of appropriate
identification methods and the evaluation of the system identification results for practical engineering
applications.

Keywords: Pacoima arch dam; seismic monitoring; system identification; linear time-varying (LTV)

1. Introduction

With regards to the concrete dams in the meizoseismal area, it is very important to
study the dynamic characteristics of dam structures under earthquake excitation [1,2]. The
dynamic properties of concrete dams tend to be complicated due to several factors, includ-
ing material non-linearity, dam–reservoir interactions, dam–foundation interactions, and
seam opening and closing, which needed to be studied and verified by multiple methods [3].
These research methods include, for instance, theoretical derivation, in situ forced vibra-
tion tests (FVTs) [4], physical model tests, numerical simulations, ambient vibration tests
(AVT) [5–7], and seismic monitoring [8,9]. Among them, the seismic monitoring reflects the
practical dynamic property of the prototype structure under the excitation of earthquakes.
The identification of structural system parameters using seismic monitoring can indicate
the vibration characteristics in practical operation and the real dynamic properties of the
structure. These can be used to assess the rationality of an anti-seismic design scheme for
concrete dams in order to check whether the actual seismic performance of a structure
meets the design requirements and update the numerical model. Following an earthquake,
the strong earthquake observation data can be used to perform the damage diagnosis and
the safety assessment of the dam structure. Therefore, many countries give high importance
to observation data of earthquakes at dams. Chen [10] selected 299 relevant records from
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758 strong earthquake records of hydraulic structures in China during 1996–1998 and
published a monograph to introduce these seismic records. The Japan Commission on
Large Dams (JCOLD) collected and sorted 5649 strong earthquake observations of various
dams in Japan from 2000 to 2012 [11]. Since the 1990s, the Swiss Federal Office for Water
and Geology (FOWG) has conducted a long-term research program to study the dynamic
properties of concrete dams by setting strong-motion seismographs on them [12]. In the US,
earthquake strong-motion data collected by the California Geological Survey (CGS) Califor-
nia Strong Motion Instrumentation Program, the US Geological Survey (USGS) National
Strong Motion Project, and the Advanced National Seismic System (ANSS) can be searched
and downloaded [13]. The Portuguese National Laboratory for Civil Engineering (PLNEC)
developed a seismic and structural health monitoring (SSHM) system that was successfully
applied to the seismic and environment vibration monitoring and health monitoring in
Cabril Dam, Baixo Sabor Dam, and Cahora Bassa Dam [14].

Figure 1 shows the flowchart of the application of the vibration monitoring data
of concrete dams. As shown in Figure 1, in order to realize the model calibration [15],
the anti-earthquake analyses and structural health diagnoses [16,17] of concrete dams,
through seismic monitoring, and the dynamic structural parameters, such as the modal
parameters of concrete dams, need to be identified first. Modal identification methods are
diverse, and many identification methods are being updated. Different system identifica-
tion methods will produce different system identification results, which complicate the
subsequent application of the system identification results of concrete dams. For practical
engineering problems, further investigations are required to identify how to select the ap-
propriate method to obtain the system identification results that reflect the actual dynamic
characteristics of concrete dams through seismic monitoring data.
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Figure 1. Application of the vibration monitoring data of concrete dams.

In this study, the modal identification of structures is compared and studied based on
the seismic monitoring of dams, considering the Pacoima Dam as an example. Fundamental
theories of different modal identification methods are introduced before analyzing the
differences between different system identification results of methods and the induced
causes. This was achieved by first sorting out the modal identification results of the Pacoima
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Dam from previous studies through different identification methods and comparing the
system identification results based on FVTs and the finite element method (FEM). The
linear time-invariant (LTI) modal identification, i.e., the input–output (IO) and output-only
(OO) methods, as well as the linear time-varying (LTV) modal identification method, were
separately adopted to identify the modal parameter identification of the Pacoima Dam
and to compare and study the differences. The findings of this study would provide a
reference for the selection of modal parameter identification methods of concrete dam
modal identification and the analysis of system identification results based on strong
earthquake observation in practical engineering.

2. Review of the Modal Identification Methods

In structural modal identification, it is generally assumed that the structural system is
LTI, which implies that the system parameters do not change over time. The studies related
to the system identification of dams using seismic monitoring are shown in Table 1.

Table 1. Statistics on the modal identification of concrete dams based on seismic observations.

Country
/Region Project Name Height (m) Modal

Id. Method

Application of System Identification Results
FVT AVTSeismic Parameter

Extraction
Model

Calibration
Damage

Diagnosis

China

Ertan arch dam [18] 240 ARX 4 4 4

Shuikou gravity
dam [19] 101 BSS 4 4 4 4

Longyangxia arch
dam [20] 178 PP 4 4 4

Xiluodu arch
dam [21] 2855 SSI 4

Taiwan, China Fei-Tsui arch
dam [22] 122.5 ARX 4 4 4 4

Switzerland

Emosson arch
dam [23] 180 PP 4 4 4 4

Mauvoisin arch
dam [24] 250 PP 4 4 4

Punt-dal-Gall arch
dam [24] 130 PP 4 4 4

Japan

Kurobe arch dam
[11] 186 FDD 4

Tagokura gravity
dam [11] 145 FDD 4

Hitotsuse arch
dam [25] 130 PP 4

Portugal

Cabril arch
dam [14] 132 FDD 4 4 4

Cahora Bassa arch
dam [14] 170 FDD 4 4 4

Baixo Sabor arch
dam [14] 123 FDD 4 4 4

Iran Karun IV arch
dam [26] 230 FDD 4 4 4

In FVTs of concrete dams, the commonly used system identification method includes
curve fitting of frequency response functions (FRFs) or transfer functions (TFs). Table 1
demonstrates that the current seismic monitoring-based system identification of concrete
dams mostly relies on the peak pick-up technique (PP) from power spectrum density (PSD),
frequency domain decomposition (FDD), and the autoregressive model with exogenous
terms (ARX). In addition, blind source separation (BSS) and the stochastic subspace iden-
tification (SSI) method have some application too. Alves et al. [27] proposed a modal
identification method, MODE-ID, for concrete dams using an optimization algorithm.
Bukenya et al. [28] made a literature review of the modal identification of dams. Classified
from the way the model is built, the modal identification methods can be divided into
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IO-type and OO-type methods. For practical engineering issues, the input mechanism of
seismic waves is very complicated and therefore requires some simplifications to be made.
As shown in Figure 2, IO-type identification methods consider the seismic record of the
free field of the dam foundation as the model input and the seismic response record on the
dam body as the model output. In essence, in this case the foundation is regarded as rigid,
and the seismic motion is applied to the dam body in the form of supporting excitation.
The system identification results are the modal parameters of the dam body. When the
IO-type methods are used for analysis, the uniform input form can be adopted, which
means that the foundation of the dam is regarded as rigid, and the earthquake monitored
by the free field of the dam foundation acts on the dam body in the form of a uniform input.
The system identification results are the modal parameters of the dam body. If several
strong-motion seismographs are set on the dam foundation, non-uniform input can be
adopted, and the earthquake measured in different parts of the dam foundation is the input
of the system. OO-type identification methods take the seismic monitoring data of the
free field of the dam foundation and the dam body as the input. The seismic excitation is
assumed to be random white noise, and the identified results are modal parameters of the
reservoir–dam–foundation system. Because seismic excitation is generally not stationary
white noise, the system identification results of this method need to exclude the dominant
frequency contained in the seismic excitation.
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Figure 2. The input–output system of a concrete dam: (a) uniform support excitation; (b) non-uniform
multiple-support excitation.

2.1. ARX

The ARX model with multiple inputs and a single output (MISO) is defined as follows:

A(q)y(t) = B1(q)u1(t− nk1) + . . . + Bnuunu(t− nknu) + e(t) (1)

where y(t) represents the single output; ui(t) represents the i-th input; nki represents the
delay in the system from input ui(t) to the output; nu is the number of inputs; A(q) and

Bi(q) are polynomials of the orders na and nbi, A(q) = 1 +
na
∑

s=1
asq−s, Bi(q) =

nbi
∑

s=1
bsiq−s,

i = 1, 2, . . . , nu; and e(t) represents the noise interference.
By minimizing the error between the structural seismic response predicted by the

above model and the measured seismic response, the coefficients of the model could be
derived. After finding out the roots, qm, m = 1, 2, . . . , n, of the polynomial A(q), the
structural frequency, fm, and damping ratio, ξm, can be obtained using the following
equations:

fm =
|ln(qm)|

2π∆t
, ξm = −Re(ln(qm))

|ln(qm)|
(2)

where Re(ln(qm)) is the real part of ln(qm) and ∆t is the time interval of sampling.
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It is easy to extend the above model to the multiple input/multiple output (MIMO)
ARX model [18]. If the system input is white noise, the ARX model is simplified into the
AR model.

2.2. FDD

FDD, which is the most widely applied method, is a frequency domain class modal
identification method. It is an evolved version of the PP technique. Extended frequency
domain decomposition (EFDD) is an improved version of FDD [29]. As the FDD technique
is based on using a single frequency line from fast Fourier transform analysis (FFT), the
accuracy of the estimated natural frequency depends on the FFT resolution, and no modal
damping is calculated. However, the EFDD technique gives an improved estimation
of both the natural frequencies and the mode shapes and includes the damping ratios.
In addition to EFDD, the frequency domain decomposition renovated by the wavelet
transform (FDD-WT) is also another method to improve FDD.

If the input of an LTI system is white noise, the power spectral density function,
Gyy(jω), of the output response signal, y(t), of l channels can be expressed as:

Gyy(jω) = H∗(jω)GxxHT(jω) (3)

where Gxx is the input signal power spectrum matrix; H(jω) is the frequency response
function matrix; (•)∗ represents the matrix of a complex conjugate; (•)T represents the
matrix of the transpose; and j represents an imaginary unit.

At the m-order mode, Equation (3) can be simplified to:

GT
yy(jω)

ω→ωm

≈ ϕm

[
diag

(
2Re

(
cm

jω− λm

))]
ϕT

m (4)

where ϕm is the m-th-order vibration mode shape vector; diag(·) is the diagonal matrix; cm
is a real scalar; and λm is the m-th-order pole.

According to the response signals measured in each channel, it is estimated that the
spectra and the spectral density of each signal need to be calculated before the singular
value decomposition (SVD) is performed.

[
_
Gyy(ωr)] = UrΣrUH

r (5)

The singular spectral curve is obtained by the singular value decomposition of the
power spectral density matrix of the structural response. At a specific peak value, if only
the m-order mode plays a controlling role, the estimated value of the m-order vibration
mode of the structure can be obtained by the unitary vector, Ur, which corresponds to the
maximum singular value. The frequency and the damping are available in a logarithmic
decay of the corresponding single degree of the freedom-dependent function (the inverse
Fourier transform of the power spectrum function).

2.3. ERA and SSI

The eigensystem realization algorithm (ERA) and SSI are based on the stochastic
subspace model. The equilibrium equation of the n-degree of the freedom structure
vibration can be expressed in the form of a deterministic-stochastic discrete state-space
model [30]: {

zk+1 = Azk + Buk + wk
yk = Czk + Duk + vk

(6)

where zk and yk are the system state vector and observation vector, respectively; uk is the
system excitation; wk and vk are the stochastic and observation noise, respectively; and A,
B, C, and D are the discrete system matrix, input matrix, observation matrix, and direct
transfer matrix, respectively.
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When the system excitation can be substituted by Gaussian white noise, the stochastic
subsystem is written as: {

zk+1 = Azk + wk
yk = Czk + vk

(7)

A typical ERA identification method needs an impulse response function to construct
the Hankel matrix or the Toeplitz matrix, but the impulse response is difficult to obtain
directly. However, a natural excitation technique (NExT) can be adopted to obtain the
impulse response, such as ERA with the natural excitation technique (ERA-NExT) or ERA
with the modified natural excitation technique using average Markov parameters (ERA-
NExT-AVG) [31], according to the correlation function matrix, Ri = E[ykyT

k+i], between the
measured responses.

The Hankel matrix is defined as:

H =


R0 R1 . . . Ri
R1 R2 . . . Ri+1
...

...
. . .

...
Ri Ri+1 . . . R2i

 (8)

in which i is the number of data blocks in the columns.
ERA-observer/Kalman filter identification for OO systems (ERA-OKID-OO) and

ERA-observer/Kalman filter identification for IO systems (ERA-OKID-IO) are improved
versions of ERA based on the observer/Kalman filter identification (OKID) approach to
overcome the difficulties in retrieving the system Markov parameters that can arise related
to the problem of dimensionality and numerical conditioning [32]. System realization using
information matrix (SRIM) is another modified version of ERA using the information matrix
that is introduced, which consists of the autocorrelation and cross-correlation matrices of
the shifted input and output data [33].

SSI is another class of the commonly used modal identification methods. SSI can be
divided into the realization-based method and the direct method (data-driven method),
which has two categories [34,35]. The realization-based method (such as SSI-COV) is similar
to ERA. Data-driven SSI (SSI-Data) uses monitoring data directly, with no need for Markov
parameters, to obtain the reasonable estimations of matrices A, B, C, and D (IO-type
method) or A and C (OO-type method). Due to the use of robust numerical tools such as
QR decomposition and singular value decomposition (SVD), these identification techniques
are often implemented for multivariable systems. The implementation algorithm of the
SSI-Data method mainly includes multivariable output-error state-space (MOESP), the
numerical algorithms for subspace state-space system identification (N4SID) methods, and
canonical variation analysis (CVA). This study only introduces the N4SID implementation
algorithm. In order to remove spurious modes, stabilization graphs were plotted [36].

2.4. Time-Varying Modal Identification Using RSSI

If considering the time-variant features of a dam structural system during an earth-
quake, the time-variant modal identification method could be adopted, and the system
identification results of the corresponding modal parameters can be obtained at each sam-
pling moment. The recursive ARX model (RARX) and its improved version, adaptive
forgetting through multiple models (AFMM), were proposed by Gong [37]. The most
commonly used LTV modal identification method is recursive SSI (RSSI).

For the LTV system, the estimation expression of the Hankel matrix shown in
Equation (8) is no longer valid. Thus, the Hankel matrix H(t) at time instant t should
be updated online to identify the time-varying modal parameters from the vibration mea-
surement. If the Hankel matrix H(t− 1) is available for the newly incoming data vector
yt, the new Hankel matrix H(t) can be updated using the sliding window method or the
forgetting factor method. For each time step, if the SVD is performed, the computation
consumes too much processing power. Based on the extended instrumental variable version
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of the past (EIV-Past) algorithm [38,39], in order to avoid the time-consuming SVD, an
unstrained optimization problem is solved instead:

V[U1(t)] =

∥∥∥∥∥ t
∑

k=2i+1
y+

k y−k
T −U1(t)UT

1 (t)
t

∑
k=2i+1

y+
k y−k

T

∥∥∥∥∥
2

F
= ‖H1(t)−U1(t)UT

1 (t)H1(t)‖
2
F

= ‖H1(t)−U1(t)
¯
H1(t)‖

2

F

(9)

in which ‖ · ‖F represents the Frobenius norm. The orthonormal matrix U1(t) comprises
the first 2n eigenvectors of the Hankel matrix at the time instant t. The two vectors are

y+
k =

[
yT

k−i+1
yT

k−i+2
. . . yT

k

]T
, y−k =

[
yT

k−i
yT

k−i−1
. . . yT

k−2i+1

]T
.

From the above recursive procedures, the orthonormal matrix U1(t) can be updated.
Then, at the k-th time interval, the discrete state space matrix, A, and the observation matrix,
C, are realized, and the modal parameters can be obtained at the time interval.

3. Pacoima Arch Dam and Its Earthquake Observation

To make a case study on the modal identification issues on concrete dams, this work
considers the example of the Pacoima arch dam, which is located in San Gabriel Mountain
in Los Angeles, southern California, USA. The Pacoima arch dam and the arrangement of
acceleration sensors are shown in Figure 3. The height of the dam is 113 m, the top of the
dam is 180 m long and 3.2 m thick, and the bottom is 30.2 m thick. Therefore the dam is
classified as a medium-thick concrete arch dam [40].
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This area has experienced several earthquakes of different magnitudes, as shown
in Table 2. Amongst them, the San Fernando earthquake on 9 February 1971 and the
Northridge earthquake on 17 January 1994 were the strongest. During the San Fernando

http://www.strongmotioncenter.org/NCESMD/photos/CGS/lllayouts/ll24207.gif
http://www.strongmotioncenter.org/NCESMD/photos/CGS/lllayouts/ll24207.gif
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earthquake in 1971, the horizontal acceleration recorded by the accelerometer, which was
installed on the left abutment 15 m above the dam top, was 1.25 g, and the peak value of
the vertical acceleration was 0.7 g. A 6.35–9.7 mm crack with a depth of 13.7 m appeared
between the dam and the left bank of the gravity pier. Due to the severe damage that was
afflicted during the San Fernando earthquake in 1971, the dam was repaired by installing
35 steel tension cables to stabilize the upper-left abutment rock in 1976. In 1977, the dam
body, foundation, and abutment of the Pacoima arch dam were assigned 9 acceleration
sensors and 17 observation channels, as shown in Figure 3. Observation channels 1–8
were located on the dam body, 9–11 were located on the base rock, and 12–17 were on
the right and left shoulders, which were at 80% of the dam height (elevation 637 m). The
measurement direction of channels 1, 2, 5, 6, 7, 8, 9, 12, and 15 was in the radial direction,
and channels 4, 11, 14, and 17 were in the tangential direction, while channels 3, 10, 13,
and 16 were in the vertical direction. The structural damage caused by the Northridge
earthquake on 17 January 1994 was more severe than that in the San Fernando earthquake
in 1971. This earthquake caused a 50 cm downstream sliding of the thrust pier, and the
horizontal opening of the expansion seam near the top of the dam was up to 5 cm. Serious
cracks occurred on the left abutment of the dam [41], but no noticeable damage was found
on the right abutment. After that, the dam was repaired specifically to strengthen the rocks
on the left abutment. Most of the 17 channels for observing a strong earthquake at the
dam could not record data due to the large seismic amplitude and high frequency. Only
channels 1~3 and channels 8~11 recorded data, and the observed strong-motion sampling
frequency was fs = 50 Hz.

Table 2. The earthquakes of Pacoima arch dam.

Earthquake
Name

Date
Water Level

below
Crest (m)

Earthquake
Magnitude

(Richter Scale)

Epicentral
Distance
from the

Dam (km)

Depth of
Hypocenter

(km)

Horizontal Peak
Acceleration (g)

Ground Structure

San Fernando 9 February
1971 45 6.6 8.0 9.0 1.250 -

Northridge 17 January
1994 40 6.7 18.0 19.0 1.530 2.010

San Fernando 13 January
2001 41 4.3 6.1 9.0 0.021 0.164

Chino Hills 29 July 2008 40 5.5 71.9 13.7 0.006 0.0043

Newhall 1 September
2011 - 4.2 7.8 - 0.003 0.045

After the Northridge earthquake in 1994, the strong-motion observation system was
updated, and the strong-motion responses of three different earthquakes, i.e., the 2001 San
Fernando earthquake, the 2008 Chino Hills earthquake, and the 2011 Newhall earthquake,
were recorded. The sampling frequency of the seismic observation data was changed
to fs = 200 Hz. The measurements during the San Fernando earthquake of observation
channels 1, 2, 5, 6, 7, 8, 9, 12, and 15 are shown in Figure 4.
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4. Modal Identification Results Using LTI Methods

Taking the Pacoima Dam as an engineering example and combining the system identi-
fication results of the modal parameters of the Pacoima Dam obtained from various studies,
the effects of various factors on the modal identification results are discussed, including
the excitation, identification methods, reservoir level, and earthquake intensity as well as
other factors. The reasons for the differences in the system identification results by various
methods are analyzed.

4.1. Identification Results for Frequency and Damping Ratio Based on a Literature Review

The natural frequency and damping ratio of the Pacoima Dam, identified by some
researchers, are shown in Table 3. Figure 5 shows the change in the second-order natural
frequency of the dam over time. The following points can be derived from Table 3 and
Figure 5.
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Figure 5. Evolution of the natural frequency and water levels (mode 2).

(1) The fundamental frequencies (the first-order natural frequency) of the dam iden-
tified by different scholars were different. With the excitation from a vibration generator,
the fundamental frequency based on the FVT identification fell between 5.1 and 5.45 Hz.
Therein, the FVT identification in 1971 was conducted in the case of an empty reservoir,
and the frequency of the dam should theoretically be greater than that of a reservoir storing
water. However, the FVT identification results in 1980 and 2002 were greater than that in
1971, which may be attributed to the increase in the stiffness of the dam concrete due to the
contraction along the construction joints under increasing hydrostatic pressure.
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Table 3. Statistics on the results of the self-resonance frequency and the damping ratio of the Pacoima arch dam by different scholars.

Num. System Ident. by Date
Water Level

below
Crest (m)

Excitation Input Id. Method
Frequency (Hz) Damping (%)

1 2 3 1 2

1 Reimer [27] July 1971 empty Vibrator curve fitting of FRF 5.10 5.56 - - -

2 ANCO Engineers [27] April 1980 23 Vibrator curve fitting of FRF 5.45 5.60 - 7.3 9.8

3 Alves [27] July/August, 2002 36 Vibrator curve fitting of FRF 5.35~5.45 5.65~5.75 - 4.0~7.0 4.5~5.5

4 Alves [27] 17 January 1994 40 Northridge earthquake MODE-ID
undamaged 4.80 5.20 - 10.0 8.0

damaged 3.80 4.70 - 6.0~9.0 -

5 Jalali [27] 17 January 1994 40 Northridge earthquake ARX
undamaged 4.90 - - - -

damaged 3.90 - - - -

6 Alves [42] 13 January 2001 41 San Fernando
earthquake MODE-ID 4.73~4.83 5.06 - 6.2 6.6~7.3

7 Tarinejad [43] 13 January 2001 41 San Fernando
earthquake FDD-WT 3.67 4.85 5.20 - -

8 Tarinejad [43] 13 January 2001 41 San Fernando
earthquake 4-spectral 3.60~3.70 4.80–

5.00 5.10~5.30 - -

9 Fatehi [44] 13 January 2001 41 San Fernando
earthquake ARX 4.68 5.07 - - -

10 Wang [45] 13 January 2001 41 San Fernando
earthquake Half-power bandwidth - - - 7.0 6.7

11 Someh [44] 29 July 2008 40 Chino Hills earthquake ARX 5.40 5.75 - - -

12 Alves [46] 13 January 2001 38 - SCADA (calibrated using 2001 San
Fernando earthquake) 4.82 5.02 - - -

13 Tarinejad [47] 29 July 2008 40 - EACD-3D2008 (calibrated using 2008
Chino Hills earthquake) 5.43 5.60 - - -
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(2) Okamoto [48] summarized the modal identification results of some concrete arch
dams through prototype vibration tests and proposed an empirical relationship formula
between the basic natural vibration period, T, of the dam and the dam height, H, as follows:

T = 0.1 + 0.2
(

H
100

)
(10)

Based on this formula, the fundamental frequency, f = 1
T , of the Pacoima Dam is

3.067 Hz.
Based on the modal identification results of 40 arch dams, through a regression analysis,

Kou et al. [49,50] obtained an empirical formula as follows:

T =


0.06683 + 0.00227H, for mode 1
0.06658 + 0.00184H, for mode 2
0.04592 + 0.00147H, for mode 3

(11)

Using this regression equation, the first three orders of natural frequency of the
Pacoima arch dam were calculated to be 3.093 Hz, 3.643 Hz, and 4.716 Hz, respectively.

By comparing the empirical results expressed above with the modal identification
results shown in Table 3, it can be seen that the fundamental frequencies of the Pacoima
Dam identified by different scholars were obviously greater than other arch dams. It is
possible that the actual first-order frequency of the structure has not been identified.

(3) When the same earthquake records were adopted for modal identification, the
results from different scholars were also quite different. For example, in the San Fernando
earthquake recorded in 2001, the identification results by Tarinejad were significantly
smaller than those of other scholars. It should be noted that Tarinejad used an OO-type
modal identification method, and the system identification results could contain a fun-
damental lower-order frequency. The identified fundamental frequencies based on the
Northridge seismic records in 1994 were 4.8~4.9 Hz and 3.8~3.9 Hz before and after struc-
tural damage, respectively. The natural frequency of the dam abruptly changed after the
Northridge earthquake in 1994, mainly because of the structural damage. The FVT results
in 1980 and 2002 were consistent, and the two changes in the water level of the FVT reser-
voir were noted, showing that the restoration project after the 1994 Northridge earthquake
recovered the overall rigidity of the dam.

(4) The system identification results of the damping ratio changed greatly, of which
the first order fell between 4 and 10% and the second order fell between 4.5 and 9.8%. The
identified damping of the Northridge earthquake in 1994, based on strong vibration, was
bigger than several other seismic system identification results, thereby showing that the
energy dissipation of the arch dam is more significant when the earthquake is strong. At
present, this factor is not considered in the seismic FEM numerical analysis of arch dams.
The damping ratio of the common concrete material measured by testing is generally lower
than 2%, which also has considerable differences from the identification results. When the
seismic intensity is low, the damping ratio is consistent or slightly bigger than when the
FVT is performed. When the seismic intensity is high (e.g., in the Northridge earthquake
in 1994), the natural frequency of the arch dam reduces significantly, while the damping
ratio increases by up to 6~10%. Similar analysis results for the damping were obtained
at some other arch dams. For example, the identified damping ratio of the Fei-Tsui arch
dam, Emosson arch dam, and Mauvoisin arch dam are below 4% when using FVT, but
the damping increases to 8–15% under the excitation of strong earthquakes. The main
reason for the difference might be the discrepancy in the vibration magnitudes and the peak
acceleration under the different excitations. Therefore, the opening degree of the horizontal
seam of the arch dam, the dislocation of the foundation rock fault, and the non-linearity of
the earthquake are different.

(5) Based on the modal identification results of the San Fernando earthquake in 2001,
Alves modified the linear FEM model. The FEM model was built using the Smeared
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Crack Arch Dam Analysis (SCADA) software. Based on the identified modal parameters
that were recorded in the Chino Hills earthquake in 2008, Tarinejad modified the linear
FEM model that was built using the EACD-3D2008 software. The errors between the
structural frequency and the modal identification results calculated by the modified model
are relatively small. The calculated results of the FEM model and the modal identification
results are different, which is mainly caused by the error in the FEM simulation. The
FEM model is limited by many uncertain factors, such as the interception of the complex
boundary conditions and the selection of the structural physical parameters, which might
incorporate some errors. It is necessary to modify the model according to the modal
identification results based on seismic monitoring.

4.2. Identification Results Comparison for the Frequency and Damping Ratio Using
Different Methods
4.2.1. Identification Results Using OO-Type Method

The identified first four ordered frequency and the damping ratio using all seismic
monitoring channel data of the dam body and the dam foundation and some OO-type
methods are shown in Table 4. The identified frequency and damping using only the
seismic monitoring channel data of the dam body are presented in Table 5. It is essential
to determine how to eliminate the dominant frequency of seismic waves. In this work,
stabilization diagrams are used. Figure 6 describes the stabilization diagram corresponding
to the ERA-OKID-OO and N4SID-OO method. Since the dynamic property of the dam
obviously varies over time, the earthquake record of the 1994 Northridge earthquake was
not analyzed using the LTI modal identification methods.

Table 4. Modal identification results of the identified frequency and damping using all seismic
monitoring channel data of the dam body, dam foundation, and OO-type method.

Earthquake ID. Method
Frequency (Hz) Damping (%)

1 2 3 4 1 2 3 4

2001
San Fernando

AR 3.52 4.45 5.25 6.14 2.88 0.98 2.78 5.69
ERA-NExT 3.55 4.35 5.17 6.23 1.71 2.44 1.81 1.03

ERA-NExT-AVG - 4.37 5.23 6.24 - 7.74 2.30 2.48
ERA-OKID-OO 3.52 4.38 5.16 6.15 9.44 2.46 1.98 5.41

N4SID-OO 3.47 4.43 5.17 6.23 6.75 1.38 1.57 1.28
EFDD 3.42 4.39 5.19 6.15 4.55 5.03 4.39 4.78

2008
Chino Hills

AR 3.91 4.34 5.31 - 9.38 8.37 5.88 -
ERA-NExT 3.73 4.26 5.29 - 5.91 5.33 4.96 -

ERA-NExT-AVG 3.88 4.26 5.41 - 4.40 3.45 1.13 -
ERA-OKID-OO 3.85 4.23 5.31 - 9.66 5.46 5.88 -

N4SID-OO 3.73 4.20 5.22 - 6.06 8.80 6.83 -
EFDD 3.71 4.29 5.37 6.05 4.15 3.66 5.76 1.55

2011
Newhall

AR - 4.20 5.65 6.79 - 1.52 1.96 3.16
ERA-NExT - 4.26 5.66 6.87 - 2.89 1.18 0.67

ERA-NExT-AVG - 4.27 5.70 6.82 - 4.75 1.38 1.66
ERA-OKID-OO - 4.27 5.59 6.79 - 7.58 3.22 3.90

N4SID-OO - 4.28 5.70 6.92 - 6.03 4.13 5.98
EFDD - 4.20 5.66 6.83 - 0.16 3.11 3.72
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Table 5. Modal identification results of the identified frequency and damping using only seismic
monitoring channel data of the dam body and the OO-type method.

Earthquake ID. Method
Frequency (Hz) Damping (%)

1 2 3 4 1 2 3 4

2001
San Fernando

AR 3.58 4.34 5.13 6.25 9.20 8.00 2.59 3.83
ERA-NExT 3.59 - 5.21 6.27 2.73 - 1.59 2.54

ERA-NExT-AVG 3.66 4.30 5.32 6.14 4.88 6.71 3.98 2.93
ERA-OKID-OO 3.58 4.33 5.15 6.30 9.20 7.52 2.87 2.88

N4SID-OO 3.56 4.41 5.24 6.18 9.50 8.85 3.47 2.42
EFDD 3.42 4.39 5.19 6.15 4.29 4.15 4.61 4.91

2008
Chino Hills

AR 3.88 4.16 5.30 - 3.88 7.19 6.40 -
ERA-NExT 3.78 - 5.33 - 5.69 - 9.79 -

ERA-NExT-AVG 3.79 4.23 5.26 - 8.66 7.13 4.80 -
ERA-OKID-OO 3.83 4.17 5.30 - 8.93 7.33 6.41 -

N4SID-OO 3.97 4.36 5.37 - 6.65 6.87 5.95 -
EFDD 3.71 4.29 5.37 6.05 1.28 3.41 3.88 2.00

2011
Newhall

AR - 4.27 5.64 6.79 - 4.02 3.14 2.82
ERA-NExT - 4.24 5.65 6.83 - 2.34 2.05 0.77

ERA-NExT-AVG - 4.22 5.71 6.84 - 4.38 1.70 3.31
ERA-OKID-OO - 4.27 5.72 6.84 - 2.71 9.66 2.99

N4SID-OO - 4.23 5.71 6.85 - 4.98 2.66 1.96
EFDD - 4.20 5.66 6.83 - 4.42 3.22 3.22
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Fernando earthquake in 2001: (a) ERA-OKID-OO method; (b) N4SID-OO method.

(1) Compared with Tables 4 and 5, one can see that no more order modes can be
identified by using all the observation channel data. This indicates that, while only the
observation channel of the dam body was used for modal identification, the system identifi-
cation results would include the effect of the foundation. Therefore, the modal parameters
obtained by the OO-type identification methods can be regarded as the modal parameters
of the “dam-reservoir-foundation” system. Since, in theory, using more observation chan-
nels can improve the accuracy of modal identification, in the following section, only the
identification results using all seismic monitoring channel data are discussed.

(2) Using different seismic records, the modal identification results showed significant
differences. The identified fundamental frequency based on the Newhall earthquake in 2011
was greater than those of the other earthquakes. There are apparent differences between
the system identification results identified by some methods and other methods, which
may be caused by the calculation errors of the corresponding methods. Some OO-type
modal identification methods depend significantly on the assumption that the excitation is
steady. However, seismic waves are unsteady, and the violation of this assumption reduces
the accuracy of the modal identification results.

(3) Similar to the modal identification results by Tarinejad in Table 3, the structural
first-order natural frequency obtained by the OO-type identification method was smaller.
For the San Fernando earthquake in 2001, the fundamental frequency was mostly below
3.8 Hz. The identified fundamental frequency based on the Newhall earthquake in 2011
was higher than that of the other earthquakes. Overall, considering the changes in the
water level and seismic intensity, the greater the seismic excitation intensity, the higher the
water level and the smaller the fundamental frequency.

(4) The system identification results of the damping ratio varied greatly, which was
mainly caused by the high complexity of the damping characteristics of the dam structure.

4.2.2. Identification Results for IO-Type Method

Considering the spatial variability of the input excitation, both the multi-input and
single-input system models were employed in input/output modal identification. Figure 7
shows diagrams of the frequency response functions calculated from four different seismic
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records. For the IO-type modal identification methods, when the foundation free field
data input exhibits a weak coherence with the output data of the dam body, an improved
IO-type model will not be built. Consequently, the IO-type recognition accuracy of the
modal identification method will be significantly affected, and the identification results
will yield some interference.
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Figure 7. Structural frequency response function with different inputs: (a) 2011 Newhall earthquake,
input: channel 9, output: channels 1, 5, 6, 7, and 8; (b) 2011 Newhall earthquake, input: channel 15,
output: channels 1, 5, 6, 7, and 8; (c) 2008 Chino Hills earthquake, input: channel 9, output: channels
1, 5, 6, 7, and 8; (d) 2008 Chino Hills earthquake, input: channel 15, output: channels 1, 5, 6, 7, and
8; (e) 2001 San Fernando earthquake, input: channel 9, output: channels 1, 5, 6, 7, and 8; (f) 2001
San Fernando earthquake, input: channel 15, output: channels 1, 5, 6, 7, and 8; (g) 1994 Northridge
earthquake, input: channels 9, 10, and 1; output: channel 8.
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Tables 6 and 7 are the system identification results of the frequency and damping with
uniform input and non-uniform input, respectively. Figure 8 describes the comparison of
the system identification results of the natural frequency by different identification methods
using four different seismic records. From the figures and tables, it can be seen that:

Table 6. Record of observation channels 9, 12, and 15 of the dam foundation following the river as a
uniform input; record of observation channels 1, 2, 5, 6, 7, and 8 of the dam body following the river
as the output; and the system identification results of frequency and damping.

Earthquake ID. Method
Frequency (Hz) Damping (%)

1 2 3 4 1 2 3 4

2001
San Fernando

ARX - 4.32 5.15 6.17 - 4.59 4.06 5.49
ERA-OKID-IO - - - - - - -

SRIM 3.50 4.27 5.28 6.19 3.39 8.87 1.33 0.71
N4SID-IO - 4.28 5.22 - - 5.50 3.47 -

2008
Chino Hills

ARX - 4.16 5.29 - - 7.39 6.09 -
ERA-OKID-IO - 4.15 5.26 - - 7.09 6.50 -

SRIM - 4.17 5.29 - - 7.72 1.46 -
N4SID-IO - 5.32 5.91 - - 8.19 5.30

2011
Newhall

ARX - 4.20 - 5.80 - 6.10 - 6.89
ERA-OKID-IO - - - - - - - -

SRIM 3.18 4.25 - 5.61 3.25 1.77 - 7.27
N4SID-IO - - - 5.67 - - - 3.34

Table 7. Channels 9~17 of the dam foundation as a non-uniform input, the record of observation
channels 1~8 of the dam body as the output, and the system identification results of frequency and
damping.

Earthquake ID. Method
Frequency (Hz) Damping (%)

1 2 3 4 1 2 3 4

2001
San Fernando

ARX - 4.33 5.08 6.16 - 2.18 3.79 2.31
ERA-OKID-IO - 4.28 5.04 - - 6.18 3.01 5.01

SRIM 3.47 4.27 5.15 6.19 1.90 1.61 0.89 2.07
N4SID-IO 3.59 - 5.27 - 2.98 8.78 4.17 3.77

2008
Chino Hills

ARX 3.35 - 5.14 5.87 9.75 - 8.11 1.22
ERA-OKID-IO - - 5.14 5.70 - - 4.63 4.40

SRIM 3.23 4.19 5.14 - 0.56 1.42 1.64 -
N4SID-IO - - 5.17 5.80 - - 6.30 3.99

2011
Newhall

ARX - - - 5.80 - - 2.94 -
ERA-OKID-IO - 4.18 - 5.63 - 9.74 3.97 -

SRIM 3.21 4.15 - 5.74 3.10 2.20 0.66 1.61
N4SID-IO - - - 5.73 - - 3.96 4.71

(1) Comparing Table 6 with Table 7, in the case of non-uniform input, the identification
ability of the various modal identification methods was better, and more multi-order modal
parameters were identified. In the following section, only the identification results shown
in Table 7 are analyzed.

(2) Comparing Table 7 with Table 4, for the same seismic monitoring, the OO-type
method generally identified more order modes because the modal parameters correspond-
ing to the dam foundation (not the modal frequency of the dam body) might be identified
using OO-type methods.
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Figure 8. Mode 2 frequency obtained by the different identification methods: (a) 2001 San Fernando
earthquake; (b) 2008 Chino Hills earthquake; (c) 2011 Newhall earthquake 2011.
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(3) In three earthquakes, the fundamental frequency identified from the San Fernando
earthquake in 2001 was approximately 3.2~3.6 Hz, and the damping ratio fluctuated greatly;
the first-order frequency identified from the Chino Hills earthquake was approximately
at 3.7 Hz, the second-order frequency was approximately 5.2~5.4 Hz, the third-order
frequency was approximately 5.5~5.7 Hz, and the damping ratio fell between 4.5~6.7%; and
the second-order frequency identified from the Newhall earthquake was approximately
5.6~5.8 Hz, and the damping ratio fell between 5.6~6.7%.

4.3. Identification Results Comparison for Modal Shapes

Figure 9 shows a comparison between the first-order symmetric vibration modes
and the first-order anti-symmetric vibration modes of the dam body, indicating that the
vibration modes identified by the different researchers exhibit some differences, but the
basic shapes of the vibration modes do not differ significantly.
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Figure 9. Comparison of the system identification results of the vibration modes in the literature:
(a) the first-order symmetric vibration mode; (b) the first-order anti-symmetric vibration mode.

The first-order symmetric vibration modes of the arch dam identified by MODE-ID,
SRIM, ERA-OKID-OO, and N4SID-IO using 2001 San Fernando seismic records, were
compared with the mode shape calculated using FEM and that identified by FVT in 2002, as
shown in Table 8. The modal confidence factor (MAC) was used to quantitatively analyze
the differences between the vibration modes. From Table 8, it can be derived that, even if the
FEM model was modified by the seismic system identification results, the error between the
vibration modes calculated by the modified FEM model and the modal identification was
still significant, which further reveals that the FEM numerical simulation of the concrete
dams still yields some model errors. The accuracy of the model calibration using the
identified natural frequencies is not enough.

For four modal identification methods, MODE-ID, SRIM, ERA-OKID-OO, and N4SID-
IO, the comparison of the first-order symmetric vibration modes is shown in Figure 10. The
errors between the vibration modes obtained by these four modal identification methods
were relatively small, which reveals that the system identification results of the vibration
modes of the various methods can be verified by each other.
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Table 8. Comparison between the identified first-order symmetric vibration modes based on San
Fernando seismic monitoring in 2001 and the analysis results of FVT and FEM.

ID. Method FEM 2002 FVT

MODE-ID
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Figure 10. Comparison between the first-order symmetric vibration modes identified by San Fernando
seismic monitoring in 2001 using different methods.

5. Modal Identification Using LTV Methods

Under the excitation of strong earthquakes, the interaction of a “dam-reservoir-
foundation” system may cause time-variant characteristics due to the non-linearity of
the dam body and dam foundation materials and the opening and closing of the horizontal
seam of the dam [39]. Based on seismic records, one scheme of the time-variant modal
parameter identification of concrete dams is dividing the whole seismic process into several
typical periods and treating the system as an LTI system in each period. The modal identifi-
cation method of LTI is adopted for the analysis of each period. This method is effective
when the structural system is slowly changing. Dividing time can be realized by the method
of equal time intervals (e.g., 1 s per period) or the characteristics of seismic waves (i.e.,
according to the arrival time of S waves). For example, Alves and Tarinejad analyzed
and considered that the Pacoima Dam showed time-variant features in the Northridge
earthquake in 1994 and the San Fernando earthquake in 2001. Alves [27] employed the
modal identification program MODE-ID to analyze the San Fernando seismic record in
2001. Using overlapping 4 s windows ranging between 4 s and 22 s into the seismic record,
the windows were overlapped so that there was a window centered every second from 6
s to 20 s into the record. For the Northridge earthquake in 1994, a window was over the
first 3.2 s of the earthquake, before the arrival of the shear wave pulse. After the arrival of
the shear wave, three 2 s non-overlapping windows between 4.8 s and 10.8 s were used to
identify the system. Someh [44] conducted similar research using an ARX model method
and a different time window length. For the Northridge earthquake in 1994, the seismic
records were windowed as “before the main shock” (0–3 s), “main shock” (3–5 s), and
“after the main shock” (5–8 and 8 s–end) portions to evaluate the time variation of the
modal parameters. For the San Fernando earthquake in 2001, the modal identification was
implemented by using “before main shock” (0–6.5 s), “main shock” (6.5–13 s), and “after
main shock” (13–20, 20–27, 27–34, and 34 s–end) non-overlapping windows of the records.
The time-varying natural frequency identification results of the Pacoima arch dam obtained
by Alves and Tarinejad are shown in Figure 11.

Another method of time-varying modal identification is the method of recursive modal
parameter identification. The RSSI method was used to identify the variation in the natural
frequency of the Pacoima Dam in the San Fernando seismic records. Table 5 shows that
the natural frequencies identified using the SSI method, i.e., N4SID-IO, were constant
during the whole earthquake. The constant values for the first four natural frequencies
were 3.56 Hz, 4.41 Hz, 5.24 Hz, and 6.18 Hz, respectively. Figure 12 shows the time-variant
features of the arch dam during the earthquakes when the RSSI method was adopted.
When the amplitude of the acceleration response was large, the frequency of the dam body
decreased after the earthquake. The decrease in structural stiffness during the earthquake
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might have been caused by the decrease in the structural frequency, which needs to be
further studied in the future.
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Figure 11. Time-variant frequency identification results of seismic records obtained by Tarinejad and
Alves: (a) 1994 Northridge earthquake; (b) 2001 San Fernando earthquake.
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6. Conclusions

This study analyzed different modal identification results of the Pacoima arch dam
using different seismic records and identification methods. After comparing these different
identification results, the main conclusions can be summarized as follows:

(1) Using different excitation manners, such as FVT, AVT, and earthquake, the modal
identification results had some differences. The identified modal parameters based on
different seismic records also exhibited some differences. In this case, the vibration am-
plitude of seismic excitation was a vital factor. When the seismic excitation is strong, the
jointing seam of the concrete dam may open. The dam and foundation material show
apparent non-linearity, and the energy dissipation of the arch dam is more obvious when
the damping of the structure is bigger. Thus, the modal identification results of the dam
have some relevance to the excitation, which brings many difficulties for structural health
monitoring and model calibration.
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(2) The dynamic characteristics of concrete dams during big earthquakes vary over
time. In particular, when the amplitude of the acceleration response is relatively large, the
time-varying characteristics of the arch dam during earthquakes can be observed. The
vibration amplitude of the seismic excitation should be considered during the selection of
the identification methods of the modal parameters. For strong earthquakes, identification
methods of time-variant modal parameters are more suitable for the analysis. One possible
solution is to use the AFMM algorithm to determine whether the structural system has
time-varying characteristics before modal parameter identification.

(3) The significant changes in the modal parameters of the Pacoima Dam before and
after the Northridge earthquake indicate that the structural modal parameters can be used
as an index for structural health diagnosis. However, the damage sensitivity of the modal
parameters with minimal structural damage needs to be further investigated.

(4) Using different identification methods, the modal identification results had some
differences. Thus, the modal identification results of a dam have some relevance for the
choice of the identification method. How to choose an appropriate method with sufficient
accuracy is an important problem that needs to be studied in the future. It suggests using a
variety of different modal identification methods to verify each other and discarding the
results that differ greatly from the other methods.

(5) The mode of concrete dams is very dense and the difference between two adjacent
modes is very small. In addition, among all the modes, not every mode can always be
identified. Thus, how to determine the actual mode order of the structure corresponding to
each identified mode is a very important problem. In order to evaluate the identification
results of the modal parameters, in addition to the mutual verification of the results of
various modal identification methods, we suggest comparing the identification results of
modal parameters with the empirical results shown in Formulas (10) and (11) as well as the
results of finite element numerical simulation to judge if the modes have been correctly
identified.

(6) The identified modal parameters based on the measured vibration response exhibit
some differences compared to the results calculated by the FEM method. Modeling cali-
bration is a classical step in static conditions through monitoring results comparisons. In
dynamic conditions it remains more difficult and needs more research.
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