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This paper reviews the development and application of HHT in the field of SHM in the last two decades. The challenges and future
trends in the development of HHT based techniques for the SHM of civil engineering structures are also put forward. It also
reviews the basic principle of the HHT method, which contains the extraction of the intrinsic mode function (IMF), mechanism
of the EMD, and the features of HT; shows the application of HHT in the system identification, which contains the introduction
of theoretical method, the identification of modal parameters, and the system identification on real structures; and discusses the
structural damage detection usingHHTbased approaches, which includes the detection of commondamage events, suddendamage
events, and cracks and flaws.

1. Introduction

Structural health monitoring (SHM) is the process of estab-
lishing some knowledge of the current structural conditions
or implementing a damage detection strategy for aerospace,
civil, and mechanical engineering infrastructures. The SHM
process involves the operational evaluation, data acquisition,
fusion and cleansing, and feature extraction and discrimina-
tion [1–3]. The interest in the ability to monitor a structure
and identify structural parameters and damages at the earliest
possible stage is pervasive throughout the civil, mechanical,
and aerospace engineering communities [4–6]. Doebling et
al. [7, 8] and Sohn et al. [9] gave comprehensive reviews
on system identification and damage detection. With regard
to the algorithm used, these identification methods can be
classified into index methods, model updating methods, and
signal based methods [10].

The widely used vibration based damage assessment
methods require modal properties that are obtained from
signals via the traditional Fourier transform (FT).There are a
few inherent characteristics of FT that might affect the accu-
racy of system identification and damage detection. Firstly,

the FT is in fact a data reduction process and information
about the structural health condition might be lost during
the process [8]. Also, the FT is not able to present the time
dependency of signals and it cannot capture the evolutionary
characteristics that are commonly observed in the signals
measured from naturally excited structures [11]. Damage is
typically a local phenomenon which tends to be captured
by higher frequency modes [12, 13]. These higher natural
frequencies normally are closely spaced but poorly excited
[14]. All these factors add difficulties to the implementation
aspect of the FT based damage detection techniques. To
overcome this shortcoming, many signal based identification
methods like wavelet transform (WT) [15–17], autoregressive
moving-average family models, Hilbert-Huang transform
(HHT), and so forth have been developed and applied in the
SHM in recent years.

Huang et al. [18–20] firstly developed a new method
namedHHT for analyzing nonlinear and nonstationary data.
HHT method consists of empirical mode decomposition
(EMD) and Hilbert transform (HT). The most innovative
idea is the introduction of EMD method with which any
complicated set of data can be decomposed into a finite
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and often small number of intrinsic mode functions (IMF)
that admit well-behaved HT. Since the EMD is based on
the local characteristic time scale of the original data, this
decomposition method is adaptive and highly efficient. The
HHT method has then been quickly used in many scien-
tific and engineering disciplines to give new insights into
the nonstationary and nonlinear physical phenomena [21].
The HHT method has been used in structural engineering
analysis, especially for SHM. Application of HHT to SHM
was firstly investigated by Vincent et al. [22] and then Yang et
al. [23–25] used HHT to carry out the system identification
and damage detection. After that, the application of HHT
based approaches in the SHM has attracted more and more
attention across the world and a great number of studies
are conducted from the aspects of theory and experiment
and field measurement. However, there are still many chal-
lenges and difficulties concerning the HHT based moni-
toring, detection, and assessment techniques for practical
application of SHM in various civil engineering structures.
Therefore, it is still imperative to investigate the feasibility,
validity, and applicability of the HHT based approaches in
SHM.

This paper reviews the development and application of
HHT in the field of SHM in the last two decades. The
challenges and future trends in the development of HHT
based techniques for the SHM of civil engineering structures
are also put forward. The structure of the rest of the paper is
as follows. Section 2 reviews the basic principle of the HHT
method, which contains the extraction of the intrinsic mode
function (IMF), mechanism of the EMD and the features
of HT; Section 3 reviews the application of HHT in the
system identification, which contains the introduction of
theoretical method, the identification of modal parameters,
and the system identification on real structures; Section 4
discusses the structural damage detection using HHT based
approaches, which includes the detection of commondamage
events, sudden damage events, and cracks and flaws. The
experiment and fieldmeasurement of theHHTbased damage
detection is also demonstrated. Finally, the challenges and
future trends in the development of HHT based approaches
for structural health monitoring are summarized in the
conclusions.

2. Hilbert-Huang Transform
2.1. Intrinsic Mode Function. As a new method capable of
dealing with both nonstationary and nonlinear data, the
EMD approach is intuitive, direct, a posteriori, and adaptive
[18–20]. The decomposition is conducted based on a simple
assumption that any data consist of different simple intrinsic
modes of oscillations. Each mode may or may not be linear
andwill have the same number of extrema and zero crossings.
Additionally, the oscillation will also be symmetric with
respect to the “local mean.” The mean is defined through the
envelopes without resorting to any time scale. Each mode
should be independent of the others after decomposition,
which is designated as an IMF.

An IMF is defined as a function that satisfies two
conditions: (1) within the data range, the number of extrema

and the number of zero crossings are equal or differ at most
by one and (2) at any point, the mean value of the envelope
defined by the local maxima and the envelope defined by the
local minima is zero. The intrinsic mode function is defined
to represent the oscillation mode imbedded in the signal.
An IMF is not restricted to a narrowband signal, and it can
be both amplitude- and frequency-modulated. In reality, the
signal can be nonstationary.

2.2. EmpiricalModeDecomposition. TheEMDmethod is also
named as characteristic scale decompositionmethod [19] and
is initially designed as a processing step to extract simple
oscillatory functions from the signal. Any data set can be
decomposed into several IMFs by a procedure called sifting
process. The decomposition is based on the assumptions: (1)
the signal has at least two extrema—one maximum and one
minimum; (2) the characteristic time scale is defined by the
time lapse between the extrema; and (3) if the data were
totally devoid of extrema but contained only inflection points,
then it can be differentiated once or more times to reveal the
extrema. Final results can be obtained by integration(s) of the
components.

A short segment of wind speed time history from field
measurement is shown in Figure 1(a) and is used to depict
the sifting process of the EMD. The decomposition method
can simply use the envelopes defined by the localmaxima and
minima separately. After identifying all the local extrema in
the original data𝑋(𝑡), connect all the localmaxima by a cubic
spline to produce the upper envelope. Repeat the procedure
for the localminima to produce the lower envelope.Themean
of these two envelopes (red solid line) is designated as 𝑚

1

(blue solid line) and the difference between the data and 𝑚
1

is the first component, ℎ
1
:

ℎ
1
(𝑡) = 𝑋 (𝑡) − 𝑚

1
(𝑡) . (1)

The mean of these two envelopes (red solid line) is
designated as𝑚

1
(blue solid line) and the difference between

𝑥 and𝑚
1
is designated as ℎ

11
, where the superscript indicate

the local sifting times.The component ℎ
1
(𝑡) is then examined

to see if it satisfies the above-mentioned two requirements
to be an IMF. If not, the sifting process is to be repeated by
treating ℎ

1
(𝑡) as a new time history for 𝑘 times until ℎ

1
(𝑡) is

an IMF, designated as 𝑐
1
(𝑡). Then, the first IMF is separated

from the original time history, giving a residue 𝑟
1
(𝑡) as

𝑟
1
(𝑡) = 𝑋 (𝑡) − 𝑐

1
(𝑡) . (2)

The sifting process is applied successively to each sub-
sequent residue to obtain the subsequent IMFs until either
the residue 𝑟

𝑛
(𝑡) is smaller than a predetermined value or it

becomes a monotonic function. The original time history is
finally expressed as the sum of the IMF components plus the
final residue:

𝑋 (𝑡) =

𝑛

∑

𝑗=1

𝑐
𝑗
(𝑡) + 𝑟

𝑛
(𝑡) , (3)

where 𝑐
𝑗
(𝑡) is the 𝑗th IMF component; 𝑛 is the total number

of IMF components; and 𝑟
𝑛
(𝑡) is the final residue. After
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Figure 1: Illustration of the sifting process.

the decomposition, the first IMF component obtained has
the highest frequency content of the original time history
while the final residue represents the component of the lowest
frequency in the time history.

It is clear that the process is similar to sifting: to sep-
arate the finest local mode from the data at first based on
the characteristic time scale. The sifting process should be
performed carefully for carrying out the process to extremes
could make the resulting IMF a pure frequency modulated
signal of a constant amplitude. To guarantee that the IMF
components retain enough physical sense of both amplitude
and frequencymodulations,Huang et al. proposed a criterion
for the sifting process to stop by limiting the size of the
standard deviation, SD, computed from the two consecutive
sifting results as

SD =

𝑇

∑

𝑡=1

[

󵄨󵄨󵄨󵄨ℎ1(𝑘−1) (𝑡) − ℎ
1𝑘
(𝑡)

󵄨󵄨󵄨󵄨

2

ℎ
2

1(𝑘−1)
(𝑡)

] . (4)

A typical value for SD can be set between 0.2 and 0.3. During
the sifting process, a criterion called intermittency check [20]
can be imposed for each IMF component in order to limit
its frequency content. This criterion works by specifying a
frequency, termed intermittency frequency𝑓

𝑐
, for each IMF

component during its sifting process, so that the data having
frequencies lower than 𝑓

𝑐
will be removed from the resulting

IMF.

2.3. Hilbert Transform. Having obtained the IMF compo-
nents from the time history 𝑋(𝑡), the second step of the
HHT method is implemented by performing the HT to each
IMF component. HT has long been used for linear and non-
linear vibration systems identification for many years. The
amplitude, instantaneous phase, and time-varying frequency
can be determined by applying HT to vibration signals
to identify the properties of a vibration system. The HT

of a real-valued function 𝑋(𝑡) in the range −∞ < 𝑡 < ∞

is a real-valued function 𝑦(𝑡) defined by Bendat and Piersol
[26]

𝑌 (𝑡) = 𝐻 [𝑋 (𝑡)] = ∫

∞

−∞

𝑋 (𝑢)

𝜋 (𝑡 − 𝑢)
𝑑𝑢, (5)

where𝐻 denotes the HT operator.TheHT is the convolution
of 𝑦(𝑡) with 1/𝑡, which emphasizes the local properties of the
data signal.The corresponding analytical signal𝑍(𝑡) can then
be defined as

𝑍 (𝑡) = 𝑋 (𝑡) + 𝑖𝑌 (𝑡) = 𝐴 (𝑡) 𝑒
𝑖𝜃(𝑡)

,

𝐴 (𝑡) = [𝑋
2
(𝑡) + 𝑌

2
(𝑡)]
1/2

,

𝜃 (𝑡) = tan−1 [𝑌 (𝑡)

𝑋 (𝑡)
] ,

(6)

where 𝐴(𝑡) and 𝜃(𝑡) are defined as the amplitude and
instantaneous phase angle of 𝑋(𝑡), respectively and 𝑖 is the
imaginary unit. The instantaneous frequency 𝜔(𝑡) is then
given by

𝜔 (𝑡) =
𝑑𝜃 (𝑡)

𝑑𝑡
. (7)

There is only a single frequency 𝜔 at any time 𝑡 if the
general signal 𝑋(𝑡) is processed through the HT. For a
general signal 𝑋(𝑡) at any time 𝑡, there is a distribution
of frequencies at that moment rather than just a single
frequency. Consequently, Huang et al. [19] pointed out that
the definition of instantaneous frequency for a signal has
physical significance only if it is an IMF.This is the reasonwhy
a signal is decomposed into the IMFs using the EMDmethod
before applying the HT. After applying the HT to each IMF
component 𝑐

𝑗
(𝑗 = 1, 2, . . . , 𝑁), the original time history
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excluding the final residue can be then expressed as the real
part (Re) of the sum of the HT of all the IMF components:

𝑋 (𝑡) = Re
𝑁

∑

𝑗=1

𝑎
𝑗
(𝑡) 𝑒
𝑖 ∫ 𝜔𝑗(𝑡)𝑑𝑡, (8)

where 𝑎
𝑗
(𝑡) and 𝜔

𝑗
(𝑡) are the amplitude and frequency of

the 𝑖th IMF component, respectively. Thus, the amplitude
is not only the function of time but also the function of
frequency. The frequency-time distribution of the amplitude
is designated the Hilbert amplitude spectrum, 𝐻(𝜔, 𝑡), or
simply the Hilbert spectrum, from which the inherent char-
acteristics of a nonlinear and/or nonstationary time history
can be identified.

3. System Identification

As a new signal processing approach, the HHT has been
widely utilized in the field of vibration engineering. The
dynamic responses can be analyzed by using EMD in con-
junction with HT to depict the structural modal responses.
Identification of system parameters from vibration measure-
ments is one of the most attractive research topics in the
structural health monitoring area. The theoretical method,
identification approaches, and application in various civil
engineering structures of the HHT-based modal identifica-
tion method are briefly reviewed in Section 3.1.

3.1.TheoreticalMethod. Yang et al. [27] proposed themethod
to identify multidegree-of-freedom (MDOF) linear systems
using measured free vibration time histories based on the
HHT.The measured dynamic responses with noise contami-
nation are decomposed into modal responses using the EMD
with intermittency criteria. The Hilbert transform is applied
to each modal response to obtain the instantaneous ampli-
tude and phase angle time histories. A linear least-square
fit procedure is utilized to identify the natural frequency
and damping ratio from the instantaneous amplitude and
phase angle for eachmodal response.Thenatural frequencies,
damping ratios, and mode shapes can be identified based on
the free vibration responses. The measured impulse acceler-
ation responses 𝑧̈

𝑝
(𝑡) at 𝑝th DOF for a 𝑛-DOF structure can

be expressed as

𝑧̈
𝑝
(𝑡) =

𝑛

∑

𝑗=1

𝑥̈
𝑝𝑗
(𝑡) + V

𝑝
(𝑡) , (9)

where 𝑥̈
𝑝𝑗
(𝑡) is the impulse acceleration response at the pth

DOF of the jth mode and V
𝑝
(𝑡) is a band-limited Gaussian

white-noise process with zero mean. The modal response
𝑥̈
𝑝𝑗
(𝑡) is restricted to a frequency band around the jth natural

frequency 𝜔
𝑗
. Hence, the approximate frequency range for

each natural frequency, 𝜔
𝑗𝐿

< 𝜔 < 𝜔
𝑗𝐻
, can be determined

based on the Fourier spectrum or Hilbert-Huang marginal
spectrum with the aiding of intermittency criteria (Yang
and Lei 1998). Firstly, the measured response signal 𝑧̈

𝑝
(𝑡) is

decomposed using EMD with an intermittency frequency
𝜔
𝑗𝐻

to obtain all IMFs that have frequencies greater than

𝜔
𝑗𝐻
. Secondly, remove all IMFs obtained from the signal

𝑧̈
𝑝
(𝑡) and the resulting signal 𝑧̈∗

𝑝𝑗
(𝑡) contains frequencies

lower than 𝜔
𝑗𝐻
. Thirdly, process 𝑧̈∗

𝑝𝑗
(𝑡) through EMD with

an intermittency frequency 𝜔
𝑗𝐿
to obtain the first IMF, which

is approximately the jth modal response. Then, repeat the
process successively starting from the 𝑗 = 𝑛 to 𝑗 = 1

to obtain 𝑛 modal responses 𝑥̈
𝑝𝑗
(𝑡) (𝑗 = 1, 2, . . . , 𝑛). This

process can extract the modal response 𝑥̈
𝑝𝑗
(𝑡) as an IMF and

simultaneously remove all the noises outside the frequency
range,𝜔

𝑗𝐿
< 𝜔 < 𝜔

𝑗𝐻
, of eachmode.Therefore, themeasured

response 𝑧̈
𝑝
(𝑡) can be decomposed into 𝑛 modal response

functions and many other IMFs as follows:

𝑧̈
𝑝
(𝑡) ≈

𝑛

∑

𝑗=1

𝑥̈
𝑝𝑗
(𝑡) +

𝑚−𝑛

∑

𝑗=1

𝑐
𝑝𝑗
(𝑡) + 𝑟

𝑝
(𝑡) . (10)

By introducing the logarithmic and differential operators, the
relationship between circular frequency and damping ratios
can be expressed as

ln𝐴
𝑗
(𝑡) = −𝜉

𝑗
𝜔
𝑗
𝑡 + ln𝐵

𝑗,𝑘
(𝑡) ,

𝜔
𝑗
(𝑡) =

𝑑𝜃
𝑗
(𝑡)

𝑑𝑡
= 𝜔
𝑑𝑗
(𝑡) = 𝜔

𝑗
(𝑡) √1 − 𝜉

2

𝑗
,

(11)

where 𝐴
𝑗
(𝑡) and 𝜃

𝑗
(𝑡) are the instantaneous amplitude and

instantaneous phase angle of the 𝑗th mode shape, respec-
tively;𝜔

𝑗
(𝑡) and𝜔

𝑑𝑗
(𝑡) are the circular frequency and damped

frequency of the 𝑗th mode shape; 𝜉
𝑗
is damping ratio of the

𝑗th mode shape; and 𝐵
𝑗,𝑘
(𝑡) is a constant that depends on the

intensity of impulsive loading and the mass and frequency of
the system.

3.2. Identification of System Parameters. Thedamped circular
frequency 𝜔

𝑑𝑗
(𝑡) can be identified from the instantaneous

frequency 𝜔
𝑗
(t). The damping ratio 𝜉

𝑗
can be identified with

the identified𝜔
𝑑𝑗
(𝑡) and the slope −𝜉

𝑗
𝜔
𝑗
(𝑡) of the straight line

of the decaying amplitude 𝐴
𝑗
(𝑡) in a semilogarithmic scale.

It is found that the instantaneous frequency may fluctuate
around its mean value due to the amplitude variation of
the signal [19] and the requirement for small damping ratio
may limit the application of the HT method. Therefore,
Yang and Lei [23] proposed a procedure for the system
identification based on the HT method: (1) determine the
damped frequency𝜔

𝑑𝑗
(𝑡) from the slope of the phase function

𝜃
𝑗
(𝑡) using a linear least-squares fitting technique and (2)

determine the damping ratio 𝜉
𝑗
by applying the linear least-

squares fitting technique to the decaying amplitude 𝐴
𝑗
(𝑡) in

a semilogarithmic scale.

3.2.1. Structures with Common Modal Properties. Yang et al.
[23–25, 27] examined the performance of the proposed
identification approach using three linear systems with
different dynamic characteristics. Numerical simulation
results demonstrated that the proposed system identification
method yields quite accurate results, and it offers a new and
effective tool for the system identification of linear structures
in which normal modes exist. For all the numerical examples
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Table 1: Comparison on modal identification of a shear building with light appendage.

Damped frequency (Hz) Damping ratio
Theoretical value (Hz) FFT HHT Theoretical value Bandwidth method HHT

Mode1 0.1836 0.1892 0.1838 1% 1.23% 1.01%
Mode2 0.1956 0.1953 0.1936 1% 1.52% 1.13%
Mode3 0.5419 0.5416 0.5505 1% 1.80% 1.09%
Mode4 0.5727 0.5722 0.5706 1% 1.86% 1.07%

considered, including a 3-DOF model building and a 4-DOF
mechanical system, only one measured acceleration signal
(one sensor) is sufficient to identify all the natural frequencies
and damping ratios. The variation of estimated 𝜔

𝑗
and 𝜉

𝑗

based on different measured signals is very small.
In addition, Yang et al. [28] presented a method of

identifying natural frequencies and damping ratios of in
situ tall buildings using ambient wind vibration data. The
approach is based on the combination of the EMD, the
random decrement technique (RDT), and the HHT and
requires the responses of only one acceleration sensor. The
application of the proposed methodology is demonstrated in
detail using simulated response data of a 76-story benchmark
building polluted by noise. Simulation results demonstrate
that the accuracy of the proposed method in identifying
natural frequencies and damping ratios is remarkable. This
procedure was also utilized by Poon and Chang [29, 30] and
Cui et al. [31] to identify the normal modes of an MDOF
structures.

Yan and Miyamoto [32] carried out a comparative inves-
tigation of modal parameter identification based on the
improved HHT and WT using the modified complex Morlet
wavelet function.The capabilities of these two techniques are
compared and assessed by using three examples, namely, a
numerical simulation for a damped system with two very
close modes, an impact test on an experimental model with
three well-separated modes, and an ambient vibration test on
the Z24-bridge benchmark problem. The made observations
indicate that for the system with well-separated modes both
methods are applicable when the time-frequency resolutions
are sufficiently taken into account.

In addition, Yang et al. [33] extended the identification
approach for normal modes to identify general linear struc-
tures with complex modes using the free vibration response
data polluted by noise in the similar way. Measured response
signals are first decomposed into modal responses using
the EMD with intermittency criteria. Each modal response
contains the contribution of a complex conjugate pair of
modes with a unique frequency and a damping ratio. Then,
each modal response is decomposed in the frequency-time
domain to yield instantaneous phase angle and amplitude
using the HT.The complex eigenvalues of the linear structure
can be identified based on a single measurement of the
impulse response time history at one appropriate location.

3.2.2. Structures with Closely Spaced Modal Frequencies. The
system identification problem is quite challenging for a
structure involving closely spaced modes and has attracted
attention in the vibration field. Chen and Xu [34, 35] firstly
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Figure 2: Power spectrum for the 2-DOF system.

explored the possibility of using the HHTmethod to identify
themodal damping ratios of the structure with closely spaced
modal frequencies. The procedure of using the HHTmethod
for modal damping ratio identification suggested by Yang
and Lei [23] is adopted with some modification in respect
of intermittency check. The dynamic response of a 2-DOF
system under an impact load (see Figure 2) is then computed
for a wide range of dynamic properties from well-separated
modal frequencies to very closely spaced modal frequencies.
The natural frequencies and modal damping ratios identified
by theHHTmethod are compared with the theoretical values
and those identified using the fast Fourier transform (FFT)
method. The results show that the HHT method is superior
to the FFT method in the identification of modal damping
ratios of the structure with closely spacedmodes of vibration.
A 36-story shear building with a 4-story light appendage,
having closely spaced modal frequencies and subjected to an
ambient ground motion, is also analyzed to investigate the
applicability of the HHT approach. It is seen from Table 1
that the detection quality of damping ratios based on the
HHT approach is much better than that using the bandwidth
method. Zheng et al. [36] developed an improved approach
by using the singular-value decomposition as a signal pre-
processing technique of HHT to extract modal parameters
for closely spaced modes and low-energy components. The
proposed method is applied to a simulated airplane model
and the results demonstrate the validity of the approach.
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(a) Di Wang Building (b) Shanghai World Financial Center

Figure 3: Elevation of supertall buildings.

3.2.3. Improved Identification Approaches. Besides the appli-
cation of the method developed by Yang et al., many
improved approaches are developed and applied in themodal
identification. A posteriori adaptive energy-based frequency-
amplitude method is proposed by Li and Bao [37] for
frequency identification. A series of bandpass filtering are
carried out first and then the forward energy weighted
frequency and the backward frequency weighted amplitude
are obtained and the natural frequencies can be identified
by plotting the obtained weighted amplitude against the
weighted frequency. Ong et al. [38] proposed an innovative
HHT based frequency identification approach designated as
adaptive magnitude spectrum algorithm. Two numerically
simulated examples, that is, the free vibration signal from a
concrete slab subjected to impact loading and the random
vibration signal generated by the Phase I ASCE structural
health monitoring analytical benchmark problem, and one
experimental example, that is, the free vibration signal based
on the Phase II ASCE structural heath monitoring exper-
imental benchmark problem, are used to demonstrate the
efficacy of the algorithm.

Bahar andRamezani [39] proposed a new enhancedHHT
to avoid mathematical limitations of the Hilbert spectral
analysis; an additional parameter is employed to reduce the
noise effects on the instantaneous frequencies of IMFs. The
efficacy of the proposed method is demonstrated based on
two case studies: a typical 3-DOF model subjected to a
random excitation and a real 15-story building under ambient
excitation. Wu et al. [40] presented a new decentralized data
processing approach for modal identification using the HHT.
It is shown that this method is suitable for implementation
in the intrinsically distributed computing environment found
in wireless smart sensor networks. The effectiveness of the
proposed techniques is demonstrated through a set of numer-
ical studies and experimental validations on an in-house

cable-stayed bridge model in terms of the accuracy of
identified dynamic properties.

3.3. System Identification on Real Structures

3.3.1. High-Rise Structures. It is difficult to artificially excite
the large-scale civil engineering structures for model test-
ing and identification. Therefore, the structural dynamic
responses subjected to ambient excitations are commonly
utilized for modal identification [41]. As mentioned above,
Yang and Lei [23, 24] successfully applied the HHT method
together with the RDT to identify the modal parameters
of linear structures. However, this approach has not been
examined yet using field measurement data of large-scale
real structures until the field measurement and identification
were conducted by Xu et al. [42, 43] by taking a 384m
super-tall building, the Di Wang Building with 69 storeys as
the example structure as shown in Figure 3(a). A wind and
structural monitoring system was installed in the Di Wang
Building. The monitoring system timely recorded wind and
structural response data during typhoon York in September
1999. Xu et al. applied the HHT method in conjunction
with the RDT to the measured data to identify dynamic
characteristics of the Di Wang Building. A series of natural
frequencies and modal damping ratios of the building under
different wind speeds in different directions are identified and
in comparison with those from the FFT based method. The
variations of natural frequency, total modal damping ratio,
and net structural modal damping ratio with wind speed and
vibration amplitude are also investigated.The results indicate
that the natural frequencies identified by the HHT method
are almost the same as those from the FFT method. The
modal damping ratios identified by theHHTmethod indicate
that the FFT based bandwidth method may significantly
overestimate the first lateral and longitudinalmodal damping
ratios of the building.
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Figure 5: Configuration of the Tsing Ma Suspension Bridge.

Similar approach was utilized by the Shi et al. [44] to
investigate the modal properties of a 101-storey building both
from free and ambient vibration responses. The supertall
building is the Shanghai World Financial Center which is
492m above ground as shown in Figure 3(b). Three modal
identification techniques are applied to the ambient and
forced vibration measurements for identifying the dynamic
properties of the building. These methods are the peak-
picking method combined with the half-power bandwidth
method in the frequency domain, the RDTwith logarithmic-
decrementmethod in the time domain, and theHHTmethod
in the time-frequency domain. The modal frequencies from
the finite element analysis and the shaking table test are
further studied with the results of field test. The effect of the
installed active tuned mass damper on the damping charac-
teristics of the building is presented. The made observation
indicates that the discrepancy of the estimated damping ratios
under ambient vibration is relatively larger than that of the
natural frequencies.

More recently, a supertall tower with a height of 610m,
the Guangzhou New TV Tower (GNTVT), is constructed
in Guangzhou, China, as shown in Figure 4. A sophisticated
SHM system consisting of over 800 sensors was designed
and implemented for both in-construction and in-service

real-time monitoring [45]. This implemented SHM system
has monitored the structural responses of the GNTVT after
completion of its construction under different loadings,
such as typhoons and earthquakes. Ambient vibration tests
were conducted at two different construction stages and
completed stage. The modal frequencies and damping ratios
under different loadings was identified using the measured
acceleration responses [46].TheHHT technique is applied to
obtain the instantaneous frequencies and energy distribution
under different loadings in the time-frequency domain and
the results are compared with those from wavelet transform
to prove the validity.

3.3.2. Bridges. The system identification of the Di Wang
Building in southern China was performed using the HHT
under the disturbed of the typhoon York, which also attacked
the civil engineering structures in the nearbyHongKong.The
Tsing Ma Suspension Bridge has a total span of 2132m and
carries a dual three-lane highway and two railway tracks as
shown in Figure 5. AWind and Structural HealthMonitoring
System for the Tsing Ma Bridge has been devised, installed,
and operated since 1997. About 280 sensors were installed
at different locations on the bridge for collecting various
types of structural and environmental information [47, 48].
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(a) Xining Beichuan Arch Bridge (b) Nanjing Yangtze River Bridge

Figure 6: Configuration of the example bridges.

Therefore, the modal identification procedure utilized for the
Di Wang Building under typhoon York was also carried out
by Chen et al. [49] for identifying bridge modal properties
at first. Natural frequencies and modal damping ratios were
identified from both stationary and nonstationary records
showing that the consistency of the identification results
among sensors installed on deck and/or on cables is satisfied.
The modal damping ratios given by the HHT method are
lower than those given by the FFT-based method, which
may indicate that the FFT method overestimates the modal
damping ratios. The variations of natural frequency and total
modal damping ratio with vibration amplitude and mean
wind speed are also examined. The result shows that the
natural frequency decreases with the increase of wind speed
and vibration amplitude.

The modal identification approach based on HHT devel-
oped by Yang and Lei was extended by Yu and Ren [50] by
developing an EMD-based stochastic subspace identification
of structures from operational vibration measurements. The
stochastic subspace identification method is applied to the
decomposed signals and yields the modal parameters. A
large span arch bridge constructed in China as shown in
Figure 6(a) is taken as the example structure to investigate the
validity and applicability of the proposed technique. Similar
procedure was presented by Han et al. [51] for the modal
identification. Two approaches are adopted: the first one is
based on the conjunction of HHT and the RDT and the
other one is based on the EMD and stochastic subspace
identification. The original signals from the field ambient
vibration test of an arch bridge and a shaking table test of
a reinforced concrete (RC) frame model are analyzed and
modal parameters are identified for comparison. It is found
that the both the approaches are capable of identification
structuralmodal properties. Furthermore, Han et al. [52] also
investigate the performance of a detection approach based
on the EMD, RDT, and the Ibrahim time domain (ITD)
approaches for the same two cases. Additionally, the HHT
approach was also applied by Xu et al. [53] to identify the
modal properties of a large-scale cable-stayed bridge.

More recently, He et al. [54] carried out the fieldmonitor-
ing andmodal parameter identification of an existing railway
bridge in China (see Figure 6(b)) by using the EMD based
RDT approach.The identification result is compared to those
from finite element analysis as well as from the experimental

result identified with the peak-picking method. In addition,
the modal frequencies of the bridge loaded with heavy trains
are also identified and compared to the “empty” bridge. It
is found that the EMD based RDT provides an effective
and promising tool for modal parameter identification for
large bridges and other structures. It is seen that the system
identification process for the bridges and high-rise building
is similar.

4. Damage Detection

4.1. Detection on Common Damage Event
4.1.1. Benchmark Building. The International Association for
Structural Control and the Dynamics Committee of the
ASCE Engineering Mechanics Division proposed to form
task groups of SHM study, and a benchmark structure was
established to compare the feasibility and validity of the
various methods and techniques of SHM. Yang et al. [55,
56] and Lin et al. [57] conducted the damage identification
of ASCE structural health monitoring benchmark building
by using a technique based on the HHT for linear struc-
tures. The structural parameters, including the stiffness and
damping, before and after damage are identified first and
then the location and severity of the damage are assessed
by a comparison. The made observations indicate that the
accuracy of the HHT technique presented for identifying the
structural damages is very plausible, and it represents a viable
system identification and damage detection technique for
linear structures. Furthermore, ASCE benchmark building
is also taken as the example building by Liu et al. [58] to
examine the feasibility and validity of the HHT method
through comparative study on several damage scenarios.The
results demonstrate that HHT method has the capability
of recovering the actual signals’ time-frequency feature and
detecting and locating the actual structural damages.

4.1.2. Common Structures. Koh et al. [59] carried out the
damage quantification of flexurally loaded RC slab using
frequency response data. A one-way RC slab was subjected
to short-duration concentrated impact load and its dynamic
characteristics for the virgin and damaged conditions were
studied using signal processing technique HHT. Salvino et al.
[60] developed an approach based on EMD and HHT in
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conjunction with a wave-mechanics-based concept to detect
adverse changes in a structure. Damage detection applica-
tions are investigated by using numerical simulations and
a variety of laboratory experiments with simple structures.
Huang et al. [61] proposed a HHT-based bridge structural
health-monitoring method. This new method depends on a
transient test load and simple data collection and enjoysmany
advantages: no a priori data required, simple data collection,
minimum traffic disruption, and precise and nuance quanti-
tative answers. The result of a case study is presented, which
establishes the feasibility of this new approach for structural
health monitoring. Wu et al. [62] developed a new method
based on HHT to monitor the health of large civil structure
in unknown excitation. Both Hilbert-Huang spectrum and
marginal spectrum analysis based on HHT are utilized for
damage assessment.

Dong et al. [63] proposed a method based on EMD and
vector autoregressive moving average (VARMA) model for
structural damage detection. The basic idea of the method is
that the structural damages can be identified as the abrupt
changes in energy distribution of structural responses at high
frequencies. The Imperial County Services Building and the
Van Nuys Hotel are taken as the benchmark structures to
verify the effectiveness and sensitivity of the damage index in
real environments. The damage detection of a transmission
tower was conducted by Qu and Lian [64] through develop-
ing an approach based on HHT. EMD is used to decompose
response signal that has occurred in the same position on
transmission tower before and after damage. Shape factor is
used to analyze the response signal of the structural IMFs. To
contrast shape factor of the IMF of response signal that the
structure is damaged before and after. Then it can judge the
damage on the structure intuitively.

4.1.3. Composite Structures. Chen et al. [65, 66] developed a
vibration-based approach to detect the damage of composite
wingbox structures using improved HHT. The improved
HHT approach is composed of HHT with wavelet packet
transform and a simple but effective method for IMFs
selection. The dynamic responses of intact wingbox and
damaged wingbox are disposed using improved HHT and
a feature index vector of structural damage; that is, the
variation quantity of instantaneous energy, is constructed.
The obtained results show that the proposed damage feature
index vector is more sensitive to small damage than those
in traditional signal processing. Esmaeel and Taheri [67]
introduced an EMD based nondestructive damage detection
methodology for detecting delamination damage in com-
posite beams. The method uses the vibration signature of
the structure, captured through piezoelectric sensors. The
integrity of the methodology is established through both
experimental and computational investigations. The method
was successful in distinguishing lengthwise and through-the-
thickness locations of delamination, as well as the growth in
delamination size.

4.2. Detection of Sudden Damage Event. The degradation of
civil engineering structures due to harsh environment may
lead to a sudden change of stiffness in a structure associated

with the events such as weld fracture, column buckling, and
brace breakage [68, 69]. Such a sudden change of stiffness in
a structure will cause a discontinuity in acceleration response
time histories recorded in the vicinity of damage location
at damage time instant. Since most of traditional vibration-
based damage detection methods operate with structural
response data recorded before and after the occurrence of
structural damage [70], they cannot be used to detect damage
event on line and find out when the damage event occurs.
To acquire a damage feature retaining damage time instant,
the application of time-frequency data processing tool such
as HHT for analyzing measurement data is necessary.

Hou et al. [71, 72] proposed a wavelet-based approach to
identify the damage time instant and damage location of a
simple structuralmodel with breakage springs.The same idea
for detecting sudden damage was adopted by Vincent et al.
[22] and Yang et al. [25] but using EMD, to decompose the
vibration signal to capture the signal discontinuity. Salvino
and Pines [73] developed robust systems that can detect
and locate progressive deterioration in structures or abrupt
damage induced by extreme loading events in the field of
structural health monitoring. Yang et al. [74] also detected
the sudden damage event of ASEC structural health moni-
toring benchmark building. The structural damage detection
was conducted based on HHT by using the two proposed
approaches.The first method, based on the EMD, is intended
to extract damage spikes due to a sudden change of structural
stiffness from the measured data, thereby detecting the
damage time instants and damage locations. The second
method, based on EMD and Hilbert transform, is capable
of detecting the damage time instants and determining the
natural frequencies and damping ratios of the structure
before and after damage. Numerical simulation carried out in
their studies showed that EMD approach could also identify
the damage time instant and damage location using the
signal feature of damage spike. In addition to the above-
mentioned numerical studies, Xu and Chen [75] carried
out experimental studies on the applicability of EMD for
detecting structural damage caused by a sudden change of
structural stiffness.

However, the reportedmethod based onHHTmay not be
suitable for online structural health monitoring applications
because it needs great computation effort. Additionally, quan-
tization of the damage severity is still a challenging issue. To
this end, Chen and Xu [76, 77] proposed a new damage index
to detect the damage time instant, location, and severity of a
structure due to a sudden change of structural stiffness. The
signal features due to sudden damage are firstly summarized
and a new damage index, DI

𝑖
, is defined to reflect the signal

discontinuity due to sudden damage at the time instant 𝑡
𝑖
:

DI
𝑖
=
󵄨󵄨󵄨󵄨(𝐾𝑖 − 𝐾

𝑖−1
) + (𝐾

𝑖
− 𝐾
𝑖+1

)
󵄨󵄨󵄨󵄨

=
󵄨󵄨󵄨󵄨2𝐾𝑖 − 𝐾

𝑖−1
− 𝐾
𝑖+1

󵄨󵄨󵄨󵄨 (𝑘 = 2, 3, . . . , 𝑛 − 1) ,

(12)

where 𝐾
𝑖
is the slope of a certain dynamic response at time

instant 𝑖. This damage index is computed in the time domain
and it is an instantaneous index suitable for online structural
health monitoring application. Chen and Xu theoretically
proved that the damage index is proportional to the extent
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Figure 7: Damage detection with noise contamination subjected to seismic excitation.
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of the sudden stiffness reduction. The proposed damage
index is suitable for online structural health monitoring
applications. It can also be used in conjunction with the
EMD for damage detection without using the intermittency
check. Numerical simulation using a five-story shear building
under different types of excitation is executed to demonstrate
the effectiveness and reliability of the proposed damage
index and damage detection approach for the building with
noise contamination (see Figure 7). The relation between the
damage severity and the proposed damage index is linear
as shown in Figure 8. Chen et al. [78, 79] also improved
the proposed approach to detect the sudden damage events
of a reticulated shell. The dynamic responses of the shell
nodes were decomposed in both the global coordinate system
(GCS) and the local coordinate system (LCS) of damaged
members. Two detection schemes, based on the GCS and
LCS, respectively, were developed and proved to be effective
in sudden damage detection.

Most recently, Bao et al. [80] developed amultistage iden-
tification scheme for detecting damage in structures under
ambient excitations by using an improved HHT method.
Then a multistage damage detection scheme including the
detection of damage occurrence, damage existence, dam-
age location, and the estimation of damage severity was

developed. Numerical and experimental studies of frame
structures under ambient excitations were performed to
investigate the validity of the approach.

4.3. Detection of Cracks and Flaws. It is well accepted that the
ultrasonic signal analysis is one of the foremost nondestruc-
tive evaluation techniques for the detection of cracks and
flaws. However, the complex and chaotic nature of raw time
domain ultrasonic signals makes it very difficult for mean-
ingful interpretation of the unprocessed time histories. The
real challenge comes in extracting the damage information
for large amounts of raw signals. To this end, time series
approaches such as short-time Fourier transform (STFT),
WT, Stockwell transform, HHT, andWinger-Wille have been
widely adopted for the flaw detection.

4.3.1. Common Structures. Quek et al. [81] investigated the
feasibility of the HHT as a signal processing tool for locating
an anomaly, in the form of a crack, delamination, stiffness
loss, or boundary in beams and plate, based on physically
acquired propagating wave signals. The results indicate that
crack and delamination in homogeneous beams can be
located accurately and damage in a reinforced concrete slab
can be identified if it has been previously loaded beyond
first crack. A comprehensive methodology for locating and
determining the extent of linear cracks in homogeneous
plates based on the time-of-flight analysis of lambwave prop-
agation is proposed by Tua et al. [82]. Experimental results
obtained using aluminum plates with through, half-through,
and concealed cracks showed that the proposed method is
feasible and accurate. The dynamic behaviour of a cantilever
beam with a breathing crack was investigated by Douka and
Hadjileontiadis [83] theoretically and experimentally. Both
simulated and experimental response data are analysed by
applying EMD and HT to reveal the physical process of crack
breathing.

Lin et al. [84] developed a signal processing method
for the impact-echo test based on the HHT. Numerical
simulations and model tests show that the proposed method
is promising in the detection of internal cracks in concrete
even when the vibration and noise signals are strong. Yadav
et al. [85] developed a method to extract damage sensitive
features for crack detection by using flaw scattered ultrasonic
signal. A steel channel section with several rivet holes has
been considered as a physical problem to be analyzed to
generate ultrasonic wave field data. The simulation has been
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Figure 9: Simply supported beam with an open crack subjected to
a moving load.

carried out by the finite element method for two cases: a
steel plate with cracks extending from the rivet holes and an
uncracked structure.

In addition, the structures with crack damages subjected
to a moving load are also examined theoretically. Meredith
et al. [86] investigated the possibility of applying EMD to
the acceleration response of a beam with cracks subject to a
moving load to detect damage. This method has been shown
to be capable of detecting a crack of 10% of the beam depth
in a signal generated at a velocity of 10m/s and corrupted
with a signal to noise ratios of 5. Roveri and Carcaterra [87]
developed a novel HHT based method for damage detection
of bridge structures with cracks under a traveling load. The
technique uses a single point measurement and is able to
identify the presence and the location of the damage along the
beam (see Figure 9). Theoretical as well as numerical results
show that the identification is rather accurate and detection
quality is not very sensitive to the crack depth and ambient
noise, while they are sensibly affected by the damage location
and by the speed of the moving load as well.

4.3.2. Pipelines. The structural damage detection and flaw
characterization of pipelines have been investigated by many
researchers to evaluate the integrity of a structure. Cheraghi
et al. [88] assessed the vibration characteristics of plastic
pipes using piezoelectric sensors with the aiding of HHT.
A systematic experimental and analytical investigation was
carried out to demonstrate the integrity of several methods
commonly used to evaluate the damping of materials. An
experimental investigationwas also conducted and the results
were compared and verified with finite element analysis,
revealing good agreement. A new approach was developed by
Kažys et al. [89] based on a combined application of nonlinear
deconvolution and the HHT for ultrasonic detection of
defects in strongly attenuating structures. The experimental
investigations demonstrated a good performance of the
proposed technique in the case of highly attenuating plastic
pipes.

TheHHTwas combined with a local diagnostic approach
by Rezaei and Taheri [90] to identify flaws in pipeline girth
welds.This method is based on monitoring the free vibration
signals of the pipe at its healthy and flawed states and
processing the signals through the EMD. In the developed
methodologies, the pipe’s free vibration is monitored by
piezoceramic sensors and a laser Doppler vibrometer. The
effectiveness of the proposed techniques is demonstrated
through a set of numerical and experimental studies on a steel
pipe with a midspan girth weld. Results from both numerical

and experimental studies reveal that in all damage cases the
sensor located at the notch vicinity could successfully detect
the notch and qualitatively predict its severity. The HHT
approach was also adopted by Ghazali et al. [91] for the SHM
of a pipeline system while attention was paid to the pipeline
leaks and features. Both simulated and experimental pressure
signals were used and analyzed by the HHT to evaluate the
performance.

4.3.3. Special Structures. Chen et al. [92] proposed a
vibration-based approach to detect crack damage for large
structural systems by using the HHT. The proposed method
has been numerically implemented on a composite wing-
box and the examination of the results confirms that the
identification method is very robust. Ramesh Babu et al.
[93] investigated the possibility of applying HHT techniques
for crack detection and monitoring when a rotor is passing
through the critical speed. It has been found that HHT
appears to be a better tool compared to FFT and continuous
wavelet transform for crack detection in a transient rotor.
Additionally, many detection approaches based on HHT and
other time-frequency analyticalmethods have been proposed
for the damage detection of structures with cracks and flaws,
in particularly in the fields of mechanical engineering and
aerospace engineering. Pavlopoulou et al. [94] illustrated
the applicability of HHT on the postprocessing of guided
ultrasonic waves for evaluating the condition of relatively
complex structural health monitoring applications. Two case
studies are presented to demonstrate the suitability of the
techniques, namely, the damagemonitoring of an aluminium
repaired panel and the cure level monitoring of symmetric
carbon fibre-epoxy composite laminates.

4.4. Experiment and Field Testing
4.4.1. Experiment on Sudden Damage. The detection of
sudden stiffness reduction is performed through numerical
simulation and the validity is not investigated by experiment.
Therefore, Xu and Chen [75, 95] carried out experimental
studies on the applicability of EMD for detecting structural
damage caused by a sudden change of structural stiffness.
A three-story shear building model was constructed and
installed on a shaking table with two springs horizontally
connected to the first floor of the building to provide addi-
tional structural stiffness. Structural damage was simulated
by suddenly releasing two pretensioned springs either simul-
taneously or successively (see Figure 10). Various damage
severities were produced using springs of different stiffness.
A series of acceleration responses of free vibration, random
vibration, and earthquake simulation were measured on the
building with sudden stiffness changes as shown in Figure 11.
The influence of damage severity, sampling frequency, and
measured quantities on the performance of EMD for damage
detection was also discussed.

4.4.2. Experiment on Common Damage. Liu et al. [96]
proved the effectiveness and accuracy of HHT method for
system identification and damage detection through a series
of experiments. An MDOF structure model is established
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with modular members, and the columns can be replaced
or removed to simulate damages of different location and
severity under variable structural parameters. Based on a
comparison of the stiffness of each story unit prior to and
after damage, the damage location and severities can be
identified. Pines and Salvino [97] discussed the application of
the EMD to health monitoring of structures theoretically and
experimentally. The EMD method is used to process time-
series data from a variety of 1D structures with and without
structural damage. Results illustrate that the EMDmethod is
a powerful signal processing tool that tracks unique features
in the vibratory response of structures.

A newdamage index, referred to as the EMDenergy dam-
age index, was developed by Rezaei and Taheri [98] to detect
the damage in beams using EMD. Finite element simulation
of a cantilevered steel beam with a transverse notch was ana-
lyzed and various notch sizes, located at different locations
along the beam, were investigated.The effect of the boundary
conditions on the EMD energy damage index was also exper-
imentally studied. A damage detection index named the ratio
of bandwidth is proposed by Chiou et al. [99] for structural
damage detection. This index is highly correlated or approx-
imately equal to the change of equivalent damping ratio for
an intact structure incurring damage from strong ground
motions. Based on an analysis of shaking table test data from
benchmarkmodels subjected to adjusted Kobe and El Centro
earthquakes, the damage detection index is evaluated using
the HHT and the FFT methods, respectively. Furthermore,
Tang et al. [100] investigated the feasibility of detecting
structural damage using a damage detection index, the ratio
of equivalent damping ratio. The damage detection index is
evaluated using the HHT and the FFT methods for the anal-
ysis of shaking table test data obtained for benchmarkmodels.

Lin and Chu [101] utilized the HHT to characterize the
acoustic emission (AE) signals released from the offshore

structure model through experimental testing as shown in
Figure 12. The AE signals from the cracks in the welded steel
nodes of the offshore structure model are collected during
the tensile testing in water. Instantaneous frequency and
energy features based on local properties of the AE signals
are then extracted using the HHT method. The results verify
that the method based on HHT better characterizes the AE
signals than the classical AE techniques. Similar approach
based on HHT and AE is utilized by Hamdi et al. [102] to
establish a procedure for understanding damagemechanisms
withinmultilayered composite structures.The analysis is first
applied to a set of known AE signals from well-controlled
bending tests on unidirectional composite samples.Then, the
analysis is applied to random AE signals collected from a
static three-point bending test on aGFRP compositematerial.
It is found that the HHT provides encouraging results for
nonstationary AE signals features extraction.

Kunwar et al. [103] presented the health monitoring of
an experimental bridge model using the HHT as shown
in Figure 13. A 4 × 1m single span-bridge instrumented
with 10 wireless sensor nodes is used for the study. Bridge
vertical accelerations are measured as a wheel and axle is
gently rolled across its length to simulate passing vehicles.
TheHilbert spectrum for multiple runs, joint time-frequency
analysis for individual runs, marginal Hilbert spectrum, and
instantaneous phase were examined for the baseline bridge
and the three damage cases. The results demonstrate that
the method can detect and locate damage under transient
vibration loads. Hsu et al. [104] proposed a damage detection
index named as the ratio of bandwidth to detect damage of
a steel structure with the occurrence of the initial stiffness
reduction through experiment. The results of this study
also demonstrate that the HHT is a powerful method for
analyzing the acceleration data for steel structures with initial
damage from earthquakes.
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Figure 11: Damage time instant and location identification.

4.4.3. Field Testing. Compared to the theoretical and experi-
mental investigation, the studies on the performance of HHT
based damage detection approach through field measure-
ment are quite limited. Zhang et al. [105, 106] carried out the
dynamic condition assessment on a bridge substructure with
HHT. Their study involved modal vibration tests combined
with the HHT to analyze previous recordings of controlled
field vibration tests of one concrete pile substructure of the
Trinity river relief bridge number 4 in Texas in its intact,
minor- and severe-damage states as shown in Figure 14. Piles
were excavated and broken to simulate flood and earth-
quake damage to a bridge substructure. The HHT algorithm
is unique in that it reveals the quantitative difference in
instantaneous frequency of sound and damaged structures,
consistent with the damage states and with what a simple
structural model predicts. This approach differs from tra-
ditional modal vibration analyses in that a short-lived shift
downward in resonant frequency can be seen in the HHT
fromadamagedmember, but this is often lost in the averaging
effect of a modal vibration analysis. They also discussed the
characteristics of an HHT-based approach in the structural
health monitoring. Liu et al. [107] investigated the charac-
teristics of aging bridges by comparison with their structural
properties under ambient vibration tests which were firstly
performed on a damaged bridge and the collected responses
were analyzed by using HHT to perform a structural health
assessment to evaluate the extent of damage.

Figure 12: Testing model of an offshore structure.

5. Performance Assessment in SHM

5.1. Performance Assessment in Wind Engineering

5.1.1. Wind Loading. Xu and Chen [108, 109] proposed a
procedure to characterize the nonstationary wind speed
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(a) Experimental bridge model

Damage
Sensor

(b) Damage and sensor locations

Figure 13: Experimental arrangement of the example bridge.

Figure 14: Example bridge in Texas.

using EMD. The nonstationary wind speed was modeled as
a deterministic time-varying mean wind speed component
plus a stationary random process for the fluctuating wind
speed component:

𝑈 (𝑡) = 𝑈 (𝑡) + 𝑢 (𝑡) , (13)

where 𝑈(𝑡) is the deterministic time-varying mean wind
speed reflecting the temporal trend of wind speed and 𝑢(𝑡) is
the fluctuating component of wind speed that can bemodeled
as a zero-mean stationary process. This model simply allows
themeanwind speed to vary over time in an arbitrary fashion,
providing a great flexibility for considering the variation of
mean wind speed with time.

The proposed approach is then applied to the wind
data recorded by the anemometers installed in the Tsing
Ma Suspension Bridge during Typhoon Victor to find its
time-varying mean wind speed, probability distribution of
fluctuating wind speed, wind spectrum, turbulence intensity,
and gust factor (see Figure 15). In addition, they also inves-
tigated the typhoon-induced nonstationary wind speed for
tall buildings in the same way. The proposed approach was
applied to the wind data recorded at the top of the Di Wang
building during Typhoon York. Similar works are carried out
by Li et al. [110] to investigate the time-frequency properties
of typhoon effects on the same supertall structure, the Di
Wang Building. The probability density and power spectral
density of fluctuatingwind speedwere obtained by traditional
methods and were further analyzed by considering time-
varying mean values of the measured data via the EMD
method. In addition, Li and Wu [111] also studied the wind
effects on a 391m supertall RC building inGuangzhou during
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Figure 15: Time varying and hourly mean wind speeds (WITJS01
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typhoon Damrey in 2005. It was testified that the HHT
method is a promising tool for the time-frequency analysis
of random signal and can serve as a flexible and effective
tool for analyzing field data of wind speed and wind-induced
response with non-stationary features.

Tian et al. [112] studied the statistical spectrum model
of wind velocity at Beijing meteorological tower. The wind
velocity spectra are analyzed using HHT and FFT, respec-
tively. It was concluded that the HHT spectrum describes
elaborately and accurately the spectrum values in the low
frequencies and the fitted wind velocity model provides a
reference for reconstructing the near-ground wind field of
Beijing city in wind tunnel test and for numerical simulation.
Hsieh and Dai [113] analyzed the offshore islands wind char-
acteristics inTaiwan by usingHHT.Thedailywind data for 40
years of three weather stations were investigated. The results
of rolling average analysis, FFT and HHT analyses were
presented to show the wind characteristics under various
time-scale variations. Guo et al. [114] carried out themultistep
forecasting for wind speed using a modified EMD-based
feedforward neural network (FNN) model. The prediction
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results of the modeled IMFs and residual series are summed
to formulate an ensemble forecast for the original wind speed
series. The made observations indicated that the developed
model shows the best accuracy comparedwith basic FNNand
unmodified EMD-based FNN through multistep forecasting
the mean monthly and daily wind speed.

5.1.2. Wind Induced Responses. Ma et al. [115] conducted the
time-frequency analysis of nonlinear buffeting responses of
a long-span bridge using the HHT. The time-frequency of
empirical mode component in HHT transform is compared
with the bridge natural frequency. The analysis result shows
that the nonlinear buffeting responses of a long-span bridge
present nonstationary properties andHHT is obviously better
than FT in the identification of the frequency spectrum of
buffeting responses.The aerodynamic damping properties on
Sorok Bridge, a suspension bridge in Korea, were estimated
by Park et al. [116] by using the HHT in comparison
with the extended Kalman filter. Some correlation of wind
speed, aerodynamic damping, and structural damping was
investigated. It was found that pure structural damping
ratio could be estimated using ambient vibration signals
under various wind speeds. However, it was still hard to
distinguish structural damping and aerodynamic damping
from appearance damping only using appearance damping
and wind components.

Zhang et al. [117] proposed a frequency modulated EMD
method to track the variations in the modal parameters of a
multi-DOF bridge-air system. Wind tunnel testing data of a
partially streamlined box girder sectional model of a suspen-
sion bridge was processed subsequently with the proposed
method. Instantaneous frequencies and damping ratios of
the aeroelastic system during the free decay vibration were
realized. Nonlinearity in the transient aeroelastic vibration
was identified.Most recently, Yi et al. [118] examined dynamic
characteristics and wind-induced responses of a 420m high
supertall building inHongKong during strong typhoons.The
field data such as wind speed, wind direction, acceleration,
and displacement responses were simultaneously and con-
tinuously recorded from an installed monitoring system.The
multipath effects are extracted by a combination of EMD and
wavelet method and then are removed by a high pass finite
impulsive response digital filter to improve the performance
of the GPS. The resonant and background responses of the
supertall building as well as their contributions to the total
displacements are investigated.

5.2. Performance Assessment in Earthquake Engineering. Fea-
ture extraction from seismic accelerograms is a key issue
in characterization of earthquake damage in structures. Up
to now, a number of effective classical parameters such as
peak ground acceleration and intensity have been proposed
for analyzing the earthquake motion records. The HHT
is a novel signal analysis method in seismic exploration,
which can express the intrinsic essence using simple and
understandable algorithm. In earthquake engineering, some
recent approaches proposed the use of HHT and showed that
it is able to extract more representative characteristics than
the traditional signal processing methods.

5.2.1. Earthquake Excitation. Zhang [119] used the HHT to
analyze ground acceleration recordings and then demon-
strated the role in studies of seismology and earthquake
engineering via the 1994 Northridge and 1999 Kocaeli Turkey
earthquakes. In particular, the features of HHT based ground
motion correlated to the motion’s damage potential to civil
structures were examined. Furthermore, Zhang et al. [120,
121] examined the rationale of HHT for analyzing dynamic
and earthquake motion recordings in studies of seismol-
ogy and engineering. The analysis of the two recordings
indicated that the HHT method is able to extract some
motion characteristics useful in studies of seismology and
engineering, which might not be exposed effectively and
efficiently by Fourier data processing technique. The study
illustrated that the HHT based Hilbert spectra are able to
reveal the temporal-frequency energy distribution formotion
recordings precisely and clearly. Liang et al. [122] presented a
rigorous derivation of a previously known formula for simu-
lation of one-dimensional, univariate, nonstationary stochas-
tic processes. Three methods are developed to estimate the
evolutionary power spectral density function (PSDF) of a
given time-history data by means of the STFT, the WT, and
the HHT. A comparison of the PSDF of the well-known El
Centro earthquake record estimated by these methods shows
that the STFT and the WT give similar results, whereas the
HHT gives more concentrated energy at certain frequencies.
Yinfeng et al. [123] analyzed earthquake ground motions
using an improved HHT approach by proposing a time-
varying vector autoregressive moving average model based
method to calculate the instantaneous frequencies of the
IMFs.The analysis of the length of day dataset and the ground
motion record El Centro (1940, NS component) indicated
that the proposed method offers advantages in frequency
resolution and produces more physically meaningful and
readable Hilbert spectrum than the original HHT method,
STFT, and WT.

Ni et al. [124] proposed a new modification method to
generate a modified time-history compatible with the target
design spectrum based on an actual earthquake record by
using HHT. The compatible time-history was obtained by
solving an optimization problem to minimize the difference
between the response spectrum of the modified time-history
and the target design spectrum. The HHT is used by Chen
et al. [125] to identify earthquake signals from groundwater
level records. The results indicate that the application of the
HHT can improve understanding of automatic detection of
the coseismic signals from the groundwater level. Wang et
al. [126] compared the applications of EMD and ensemble
empirical mode decomposition (EEMD) on time-frequency
analysis of seismic signal. It is found that EEMD solves the
modemixing problem by adding a white noise to the original
signal. The synthetic signal example reveals the remarkable
ability of EEMD to decompose the signal into different IMFs
and analyze the time-frequency distribution of the seismic
signal. Ni et al. [127] proposed a new approach to generate
spectrum-compatible earthquake ground motions consid-
ering intrinsic spectral variability using HHT. The spec-
trum compatible earthquake ground motions are generated
by using HHT and solving related optimization problems.
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The generation procedure preserves the nonstationary char-
acteristics of seed actual earthquake records and ensures the
intrinsic aleatory variability of real ground motions for a
given scenario earthquake.

5.2.2. Seismic Effect. Lee et al. [128] explored the vibration
mechanismof a bridge at both global and local behavior.They
proposed a combination of EMD,HHT, and a nonlinear para-
metricmodel as an identificationmethodology.The approach
was successful in identifying abnormal signals indicating
the structural condition of the bridge decks based on the
time-frequency spectrum. Zhang [129] proposed a recording-
based approach to characterize and quantify earthquake-
induced site nonlinearity, exemplified as soil nonlinearity
and/or liquefaction. With the use of the 2001 Nisqually
earthquake recordings, this study shows that the proposed
approach is effective in characterizing site nonlinearity and
quantifying the influences in seismic ground responses.
Alvanitopoulos et al. [130] studied crucial characteristic
seismic parameters which provide information pertinent to
the damage indicators of the structures. The first proposed
parameter is the maximum amplitude and the second is the
mean amplitude. Results indicate the high correlation of the
new seismic parameters with the damage indices and confirm
that HHT is a promising tool for extracting information to
characterize seismic damage in structures. The HHT was
successfully used byWei et al. [131] to characterize the seismic
responses of soil-quay wall systems using measured data in
a series of geotechnical centrifuge shaking-table tests. It was
found that the predominant instantaneous frequency at any
given instant provides a superior indicator for characterizing
the occurrence of liquefaction and the time-varying soil
dynamic property.

5.3. Other Assessment Issues in SHM. Advanced signal pro-
cessing techniques have been long introduced and widely
used in structural healthmonitoring.The analysis and extrac-
tion of the appropriate signal’s features in structural health
monitoring applications is one of the major challenges on
which the robustness of the designed systems relies. Many
strategies have been developed in the past, which utilise the
identification of amplitude-based parameters for the evalua-
tion of structural integrity.However, these parameters usually
require a baseline reference, which might be extensively
affected by noise, environmental or mounting conditions.
Therefore, the signal processing in SHM based on HHT has
attracted more and more attention across the world.

Huang [132] reviewed themethods andmany applications
for nonsteady and nonlinear data analysis by using HHT. Qin
et al. [133] studied the lawofHHTand the characteristic of the
IMFs of any signal withwhite noise and then developed a new
method to remove white noise based on EMD.The feasibility
of theHHTand the validity of the EMDbasednoise removing
method were investigated through several examples. Wang
et al. [134] applied HHT to decompose measured strain
responses of a bridge into an oscillation component and a
trend component. Simulation analysis results of a steel truss
bridge show that the trend component of the strain response
corresponds to the static effect caused by the loads, while

the oscillation component is relative to the dynamic effect.
Similar operation was conducted by Hu et al. [135] to analyze
the vibration signal based on HHT.

In addition, the HHT can be revised or improved for
vibration-based signal and data processing. Peng et al. [136]
proposed an improved HHTmethod to analyze the vibration
signal by using wavelet packet transform and a screening
process. Both simulated and experimental vibration signals
of having a rotary system with the fault of rubbing occurred
have proven that the improved HHT does show the rubbing
symptoms more clear and accurate than the original HHT.
A revised HHT is proposed by Xun and Yan [137] to
analyze vibration signals of a deployable structure in order
to overcome shortcomings of the traditional HHT, such as
the end swings problem and the undesired IMFs at the low-
frequency range. The results show that the revised HHT
method is efficient for nonlinear and nonstationary vibration
signal analysis. Lin [138] proposed an improved HHT for
the modal evaluation of structural systems or signals. A
well-designed bandpass filter is used as preprocessing to
separate and determine each mode of the signal for solving
the inherent mode-mixing problem in HHT. A screening
process is then applied to remove undesired IMFs derived
from the EMD of the signal’s mode. Numerical results prove
the efficiency of the proposed approach. Furthermore, Lin
[139] presented a hybrid algorithm based on EEMD and
EMD for multimode signal processing. A simulated two-
mode signal was tested to demonstrate the efficiency and
robustness of the approach, showing average relative errors
all equal to 1.46% for various noise levels added to the signal.
The developed approach was also applied to a real bridge
structure, showing more reliable results than the pure EMD.

Bridges are subjected to periodic environmental thermal
effects induced by solar radiation and ambient air temper-
ature. Excessive movement and stress induced by thermal
loadings may damage the bridge [47, 48]. Most recently,
Chen et al. [140] carried out the condition assessment on
thermal effects of the Tsing Ma Suspension Bridge based
on SHM oriented model by using HHT in conjunction
with spectral analysis. A new signal processing approach is
proposed to process the measured data, such as strain, tem-
perature, displacement, and acceleration, so as to extract the
static, dynamic, and noise signal components for structural
performance assessment. The responses of the bridge can
be decomposed firstly to reconstruct the noise component
𝑥noise(𝑡), dynamic component 𝑥dyn(𝑡), and static component
𝑥static(𝑡), respectively, with the aid of spectral analysis:

𝑥noise (𝑡) =
𝑚

∑

𝑗=1

𝑐
𝑗
(𝑡) ,

𝑥dyn (𝑡) =
𝑛−1

∑

𝑗=𝑚+1

𝑐
𝑗
(𝑡) ,

𝑥static (𝑡) = 𝑐
𝑛
(𝑡) + 𝑟

𝑛
(𝑡) ,

(14)

where 𝑛 is the number of all the IMFs and 𝑚 is the number
of noise IMF components. If the absolute mean value of
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Figure 16: Time histories of axial strain between 12:00 a.m. and 13:00 p.m.

a particular IMF is quite small, this IMF can be regarded as
noise component:

abs (mean (𝑐
𝑗
(𝑡))) < 𝜀

𝑚
, (15)

where abs() means to take the absolute value and 𝜀
𝑚
is the

threshold value of absolute mean value of a particular IMF
component. It is seen from Figure 16 that the original axial
strain responses are decomposed into responses induced by
traffics and temperature, respectively.

6. Concluding Remarks

An overview was presented in this paper for developments
of the HHT based approach in SHM of civil structures
with special emphasis laid upon the system identification
and damage detection. The HHT provides new insights into
the nonstationary and nonlinear signals. Research activ-
ity going on around the world in terms of development
and implementation of this technology in SHM of civil
engineering structures was reviewed. The application of
HHT in the system identification, damage detection, and
performance assessment of SHMwas presented, respectively.
Compared with the conventional monitoring techniques in
the frequency domain and the time domain, HHT based
techniques not only provide alternative tools for monitor-
ing structural performance but also have the distinguished
superiority in exploring time-frequency properties of the
structural responses. It is addressed in this review that HHT
based techniques are promising for the SHM in comparison
with traditional techniques. The development of HHT is not
over yet. A more rigorous mathematical foundation for the
general adaptivemethods for data analysis is required and the
end effects of HHT must be improved as well. In addition,
there are still difficulties in the practical application of HHT
based techniques for the SHMof civil engineering structures.
The main challenges and future development trends are as
follows.

(1) From the view, it can be seen that recently there have
been innovative applications andmajor improvement
to HHT. These improvements have spread to general
analytical approaches as well as combination applica-
tions of the HHT. The HHT can be combined with
other intelligence algorithms, like artificial neural
network, genetic algorithm, and so forth, to form
more powerful signal processing tools for analyzing
structural monitoring information. Thus, the devel-
opment and application of the HHT in conjunction
with computational intelligence for SHM are neces-
sary.

(2) The HHT is considered as a promising and powerful
approach in the SHM, which is commonly compared
with other signal processing tools in the frequency
domain, time domain, and time-frequency domain,
such as FFT, STFT, and WT. Comparative studies
of HHT, FFT, and wavelet techniques have been
addressed, but more research is needed to be con-
ducted for determining which of these approaches is
more applicable than the other in a certain issue of the
SHM.

(3) The application of HHT demonstrates that the
decomposition is subject to the limitation of being
defined by an algorithm, and therefore it does not
admit an analytical formulation that would allow for a
theoretical analysis and performance assessment.The
intermittency frequency as an additional criterion
might not always guarantee the final expected results,
since choosing the intermittency frequency is a sub-
jective task. Therefore, how to reduce or eliminate
the subjective effects of HHT based approaches on
the quality of the system identification and damage
detection should be further studied.

(4) Nowadays, a new approach referred to as bidimen-
sionalHHT is developed and employed for processing
multidimensional signals. Nunes and coworkers [141]
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developed a method for analyzing two-dimensional
(2D) time series which was used for textural analysis.
Linderhed [142] proposed a 2D EMD and presented
a coding scheme for image compression purposes.
The results indicate that the 2D HHT outperforms
traditional wavelet and Fourier analysis. Recently, the
image processing techniques are widely adopted in
the SHM. Therefore, it is important to develop new
detection approaches and carry out the monitoring
and evaluation using image analysis with the aid of
the 2D HHT.

(5) It is reported theoretically and experimentally that
the result generated by the HHT has its deficiency.
The EMD may generate undesirable IMFs at the
low-frequency region to induce misunderstanding
of the SHM result. The first obtained IMF may
cover a very wide frequency range such that the
properties of monocomponent cannot be achieved,
which maybe an important issue in the identification
of higher modal parameters and sudden damage
detection with noise contamination. In addition, the
EMD cannot separate signals that contain low-energy
components, which makes it difficult to separate low
frequency signal of structural monitoring responses
induced by temperature and ambient wind. These
disadvantages may induce the misidentification and
misunderstanding of structural condition assessment,
which deserves further investigation in the further.

Although there still exist some limitations, the benefits
of the HHT technology far outweigh the problems of not
using them. This is evident by the tremendous amount of
contributions from the scientific community for introducing
this technology into the mainstream of civil engineering.
Thus, the manifestation of the HHT technology in civil
structures is warmly expected.
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