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Hilbert-Huang Transform Analysis of Dynamic
and Earthquake Motion Recordings

Ray Ruichong Zhang, M.ASCE1; Shuo Ma2; Erdal Safak, M.ASCE3; and Stephen Hartzell4

Abstract: This study examines the rationale of Hilbert-Huang transform~HHT! for analyzing dynamic and earthquake motion reco
ings in studies of seismology and engineering. In particular, this paper first provides the fundamentals of the HHT method, whic
of the empirical mode decomposition~EMD! and the Hilbert spectral analysis. It then uses the HHT to analyze recordings of hypoth
and real wave motion, the results of which are compared with the results obtained by the Fourier data processing technique. Th
of the two recordings indicates that the HHT method is able to extract some motion characteristics useful in studies of seism
engineering, which might not be exposed effectively and efficiently by Fourier data processing technique. Specifically, the study
that the decomposed components in EMD of HHT, namely, the intrinsic mode function~IMF! components, contain observable, physi
information inherent to the original data. It also shows that the grouped IMF components, namely, the EMD-based low- a
frequency components, can faithfully capture low-frequency pulse-like as well as high-frequency wave signals. Finally, the stu
trates that the HHT-based Hilbert spectra are able to reveal the temporal-frequency energy distribution for motion recordings pre
clearly.
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Introduction

Faithful extraction and representation of wave characteris
from motion recordings, together with other important featur
such as the temporal-frequency motion energy distribution, he
advance our knowledge of the underlying physical process
data expose. It also improves understanding of motion’s imp
on various engineering systems. For example, characterizatio
dynamic earthquake ground motion from observed records w
the aid of proper data processing/analysis methods are impo
for the following reasons:
1. As the output in modeling earthquake wave motion and

plaining earthquake phenomena in the earth, they can h
understand such seismological issues as source mechan
directivity influence, and soil dynamic nonlinearity~e.g.,
Hall et al. 1995; Heaton et al. 1995; Somerville 1997, 199
Hartzell 1998; Hartzell et al. 1999!.

2. As the input to geotechnical and structural engineering s
tems, they can be used to compute dynamic nonlinear
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sponses and thus to evaluate seismic performance of th
systems. This analysis can quantify earthquake impact
various engineering systems and aid in the seismic-resis
design and retrofit~e.g., Hall et al. 1995; Heaton et al. 1995
Somerville and Graves 1996; Iwan 1997; Somerville 199
Shinozuka et al. 1999; Sasani and Bertero 2000; Alavi a
Krawinkler 2000!.

Conventional approaches for analyzing dynamic and ea
quake motion recordings~e.g., Fourier analysis!, however, can
yield distorted, indirect, or incomplete information on the natu
of the nonstationary ground motion from recordings. This mig
mislead the consequent use of ground-motion data in addres
many seismological and engineering issues. Earthquake data
inherently nonstationary because the recordings are the resu
propagation of various type waves with different amplitude, fr
quency, and wave speed in soil media that are likely nonlinea
should be noted that earthquake recordings are often viewe
nonstationary, nonlinear data. The definition of nonlinear data
ambiguous, however~Huang et al. 1999; Larner, personal com
munication, 2001!. Therefore, we use the term ‘‘nonstationa
data’’ in this paper, instead of the ‘‘nonlinear, nonstationary da
used in Huang et al.~1998, 1999!.

This study seeks to use the Hilbert-Huang transform~HHT! to
analyze dynamic and earthquake motion recordings and to ex
ine the rationale of the HHT for studies of engineering and se
mology. The objective of the study is to reveal useful inform
tionfrom motion recordings that might be either hidden
distorted by conventional data-analysis approaches.

Conventional Techniques for Data Analysis

In obtaining information from strong motion data or the lik
seismologists and engineers primarily use the major meth
listed below. Also listed are shortcomings of each method, wh
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we find are absent from the HHT approach. It should be clarifi
that conventional data processing methods have merits tha
HHT does not possess. Nevertheless, this study focuses on
advantages of the HHT in processing nonstationary data for
tain types of information that the conventional methods might
be able to reveal effectively, directly, or completely.

Analysis in Transformed Domain

Frequency-related characteristics of data are usually reveale
analyzing the data in transformed domains, with the aid of
Fourier transformation technique, among others. This appro
can reveal the frequency content and amplitude, or energy di
bution, of the motion via Fourier transformation. Fourier spec
analysis, however, is meaningful only for stationary data. T
Fourier spectrum defines harmonic components globally. Th
fore, it yields average characteristics over the duration of the d
window analyzed, even if those detailed characteristics, e
dominant frequencies, may change significantly over differ
portions of the window. Also, because Fourier spectral anal
explains data in terms of a superposition of trigonometric fu
tions, it typically needs many harmonic components to simu
nonsinusoidal wavetrains.

Because earthquake motion data are nonstationary, Fo
spectral analysis of the data fails to capture the energy distribu
of events over both time and frequency. Specifically, the Fou
spectrum spreads the energy of the data over a wider than
frequency range and loses the locality of the energy distribut

It should be noted that if both the Fourier phases and am
tudes are retained, any nonstationary data can be reproduced~e.g.,
Thrainnson et al. 2000!. However, this does not resolve the issu
mentioned above.

To improve the use of Fourier spectral analysis over a wh
time history of earthquake ground motion, windowed or sho
time Fourier spectral analysis is used~e.g., Liu and Jhaveri 1969
Liu 1970!. In this approach, Fourier spectral analysis is perform
over restricted windows centered on specific features of intere
the data. In this way, the analysis provides information on f
quency content locally in the data~e.g., evolutionary power spec
tra!, thus reducing the problem of nonstationarity. However,
frequency resolution of Fourier spectral analysis is reduced w
the length of the window is restricted. Thus, one is faced wit
trade-off. The shorter the window, the better the locality of t
Fourier spectrum, but the poorer the frequency resolution. In
dition, selection of window length is primarily vision-based a
thus subjective.

Analysis in Time Domain

In comparison with data analysis in a transformed domain, m
characteristics of the data can be simply and directly obtai
from the following analyses in the time domain.

A simple measure of ground motion is the use of peak mot
and dominant frequency. While peak motion~e.g., peak ground
acceleration or PGA! does reflect the intensity of ground motio
at a given location, it gives a fairly noncomprehensive, sometim
significantly distorted, measure of seismic shaking. A typical
ample to illustrate this point is the 1999 Kocaeli, Turkey ear
quake ~e.g., Kocaeli Earthquake-TURKEY at ^http://
www.pcmagazine.com.tr/deprem/earthquake.htm&!. The maxi-
mum PGA at the near-epicenter site in Kocaeli was 0.32
smaller than the 0.37g at the Duzce site further from the epice
However, the 6,994 dead and 9,025 injured in the area of Koc
directly related to structural collapse, were much higher than
862 / JOURNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2003
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262 dead and 1,146 injured at Duzce. While many factors c
tribute these numbers of casualties, such as design and peri
buildings, year of construction, site characteristics, and pop
tion density, it nevertheless indicates that a comprehensive
scription of ground motion for engineering use likely needs m
complete information, such as frequency content associated
the peak motion. Accordingly, PGA can be used together with
associated dominant frequency to improve the measure of
motion’s potential for structural damage. However, Fourier-ba
analysis, as described in the section, ‘‘Analysis in Transform
Domain,’’ do not faithfully represent the dominant frequency a
its associated amplitude of short-duration events.

Peak ground velocity~PGV! is a better measure of an eart
quake’s impact on structural systems than is PGA because
associated with the peak of low-frequency motion as well
being more directly related to the energy, which is proportiona
squared velocity and which is critical to most structural syste
However, because PGV is obtained from the velocity-time hist
by integrating the acceleration recording, it can be distor
through the data processing procedure, which includes bas
corrections, bandpass filters, and instrument correction~e.g.,
USGS National Strong-Motion Program 2000 at^http://
nsmp.wr.usgs.gov/processing.html&!.

The low-frequency pulse-like~LFPL! wave signals, which can
be described by their peak and duration in velocity time histor
have been recently found to be particularly important feature
near-source motion~e.g., Somerville 1998; Alavi and Krawinkle
2000; and Sasani and Bertero 2000!. The LFPL wave signals
integrate important information contained in the ground mot
such as dominant low-frequency content, their peak amplitu
and nonstationarity. Therefore, the LFPL wave signals can
more useful to seismological and engineering applications t
are Fourier-based low-frequency components and the individ
ground-motion parameters mentioned above.

On the one hand, the velocity-based LFPL signals have t
seismological value. For example, the peak and period of
currently used single or multiple triangle-type LFPL waves
their approximation in velocity are directly related to the ear
quake magnitude, the rise time, and the shortest distance from
site to the fault~Somerville 1998!. In addition, the area of LFPL
waves in the velocity is a cumulative measure of seismic ene
to which the velocity squared is proportional.

On the other hand, the LFPL waves extracted from the velo
recordings are likely not the best measure of the motion’s po
tial for structural damage. Slight changes in the LFPL sign
defined in velocity time histories might alter, likely in an obviou
way, the vibration/wave characteristics of the LFPL accelera
signals. A typical example is the recording of the 1999 Koca
earthquake at SKR, 3.5 km from the surface rupture~USGS
2000!. Specifically, the currently used~e.g., Somerville 1998;
Alavi and Krawinkler 2000; and Sasani and Bertero 200!
triangle-type single pulse is found to well approximate the LF
wave signals in the velocity time history obtained by integrat
the acceleration recording. However, the double rectangle-
pulses in the corresponding acceleration, obtained by differen
ing the triangle-type single pulse, are found to be significan
different from the original acceleration recording. This distort
wave characteristic in acceleration will influence the estimation
the influences of LFPL wave signals on nonlinear dynamic an
sis of structures, since the input forces to a structural system
proportional to the acceleration, not the velocity. For more inf
mation, the reader is referred to Zhang~2001!.
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Therefore, as an alternative to the velocity-based LFPL wa
and their approximation that are the measure of seismic energ
intensity of the motion at a certain location, an acceleration-ba
LFPL wave representation might be developed for an improv
measure of seismic force or energy input to a structural syste

Response Spectral Analysis

The response spectrum is a measure of the influence of gro
motion on structures with different resonant periods. While
sponse spectra, either conventional or recently proposed th
dimensional~3D! by Safak~1998!, are indeed the most widely
used and simple description of ground motions for seismic
sign, they provide only indirect information on the acceleratio
and essentially equivalent information such as Fourier spectr
acceleration~e.g., Huang et al. 2001!. In general, from response
spectra, one cannot tell which factors or features of ground m
tion ~such as PGA, dominant frequency, duration, LFPL wa
signals! contribute most to damage. Knowing these factors wo
significantly aid in the design of safer and more econom
earthquake-resistant structures. In particular, the single-degre
freedom system used in the response spectrum calculation f
tions as a Fourier-type filter, which is controlled by two structu
parameters—natural frequency and damping. Therefore, resp
spectra are essentially just an alternative representation of Fo
spectra of ground acceleration.

Summary

The conventional approaches reviewed above may provide
torted, indirect, or incomplete information on recorded accele
tion data. The problem lies in the lack of an appropriate meth
for analysis of nonstationary earthquake data.

Hilbert-Huang Transform

The Hilbert-Huang transform~HHT!, developed by Huang et al
~1998, 1999!, can represent nonstationary data such as in ea
quake recordings. The HHT, which consists of two steps
empirical mode decomposition~EMD! and Hilbert spectral analy-
sis ~HSA!, is summarized from Huang et al.~1998, 1999! below
and then focused on applications to dynamic and earthquake
tion recordings.

Empirical Mode Decomposition

The EMD step builds on the assumption that any data set con
of different, simple, intrinsic modes of oscillation that need not
sinusoidal, with the nonsinusoidal character of each mode of
cillation derived from the data. At any given time, the record
data may have many different coexisting modes of oscillati
which may or may not relate to different seismological phas
Each of these oscillatory modes, called an intrinsic mode funct
~IMF!, is defined by the following conditions:
1. Over the entire data set, the number of extrema and the n

ber of zero-crossings must be equal or differ at most by o
and

2. At any point, the mean value of the envelope defined by
local maxima and the envelope defined by the local mini
is zero.

An IMF represents a simple oscillatory mode similar to a co
ponent in the Fourier-based simple harmonic function, but m
general. One can decompose any waveform as follows.
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First, identify all the local extrema. Connect all the loc
maxima by a cubic spline to produce the upper envelope,
repeat the procedure for the local minima to produce the lo
envelope. The upper and lower envelopes should encompas
the data between them. The mean of these two envelopes is
ignated asm1 , and the difference between the dataX andm1 is
the first componenth1 ; i.e.

h1~ t !5X~ t !2m1~ t ! (1)

Ideally, h1 should be an IMF, since the construction ofh1

described above should have made it satisfy all the conditions
in the definition of an IMF. Yet, in practice, all the conditions
an IMF cannot be achieved until the previous process, called
sifting process, is repeated. In the subsequent sifting process,h1 is
treated as the data, then

h11~ t !5h1~ t !2m11~ t ! (2)

wherem115mean of the upper and lower envelopes ofh1 . After
repeated sifting, up tok times which is usually less than 10,h1k ,
given by

h1k~ t !5h1(k21)~ t !2m1k~ t ! (3)

is designated as the first IMF componentc1 from the data, or

c1~ t !5h1k~ t ! (4)

Typically, c1 will contain the finest-scale or the shortest-peri
component of the signal. One then removesc1 from the rest of the
data to obtain the residue

r 1~ t !5X~ t !2c1~ t ! (5)

The residuer 1 , which contains longer-period components,
treated as the new data and subjected to the same sifting pro
as described above. This procedure can be repeated to obta
the subsequentr j functions as follows:

r j 21~ t !2cj~ t !5r j~ t !; j 52,3, . . . ,n (6)

The sifting process can be terminated by either of the follow
predetermined criteria:~1! either the componentcn or the residue
r n becomes so small that it is less than a predetermined valu
consequence; and~2! the residuer n becomes a monotonic func
tion, from which no more IMF can be extracted. If the data ha
a trend, the final residue will be that trend. The original data
thus the sum of the IMF components plus the final residue

X~ t !5(
j 51

n

cj~ t !1r n~ t ! (7)

Thus, the data are decomposed inton IMF components and a
residuer n that can be either the mean trend or a constant.

Hilbert Spectral Analysis

For given data,C(t), the Hilbert transform,Y(t), is defined as

Y~ t !5
1

p
PE C~ t8!

t2t8
dt8 (8)

whereP denotes the Cauchy principal value. With this definitio
C(t) and Y(t) can be combined to form the analytical sign
Z(t), given by

Z~ t !5C~ t !1 iY~ t !5a~ t !eiu(t) (9)

where time-dependent amplitudea(t) and phaseu(t) are found
as
RNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2003 / 863
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Fig. 1. ~a! Hypothetical wave recordingy(t)5y1(t)1y2(t), consist-
ing of wavesy1(t)5cos@2pt10.5 sin(2pt)#e20.2t and high-frequency
noisesy2(t)50.05 sin(30pt) and~b! Fourier and marginal spectra of
hypothetical wave recording in Fig. 1~a!
e-
me
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ig. 2. Fourier components (f j , j 51,2,3,4,5) of hypothetical wav
ecording in Fig. 1~a! at selected frequencies~i.e., 10, 5, 2, 1, and 0.5
z!
a~ t !5AC2~ t !1Y2~ t ! (10)

u~ t !5arctan
Y~ t !

C~ t !
(11)

From the polar coordinate expression of Eq.~9!, the instanta-
neous frequency can be defined as

v~ t !5
du~ t !

dt
(12)

Applying the Hilbert transform to then IMF components ofX(t)
in Eq. ~7!, the dataX(t) can be written as

X~ t !5R (
j 51

n

aj~ t !ei *v j (t)dt (13)

where R5real part of the value to be calculated andaj - the
analytic signal associated with thejth IMF. The residuer n is not
included because of its monotonic property~Huang et al. 1998!.
Eq. ~13! is written in terms of amplitude and instantaneous fr
quency associated with each component as functions of ti
 ,

Fig. 3. ~a! High-pass~top! and low-pass~bottom! 10th Butterworth
filtered components of hypothetical wave recording in Fig. 1~a! with
cut-off frequency 2 Hz; and~b! high-pass ~top! and low-pass
~bottom! 10th Butterworth filtered components of hypothetical wave
recording in Fig. 1~a! with cut-off frequency 3 Hz



Fig. 4. Five IMF components of hypothetical wave recording in Fig. 1~a!
in
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which differ from the time-independent amplitude and phase
the Fourier series representation of

X~ t !5R(
j 51

n

Aje
iV j t (14)

whereAj5Fourier transform ofX(t), a function of frequencyV j .
A comparison of the two representations in Eqs.~13! and ~14!
suggests that the Hilbert transform of the IMF can be conside
as a generalized Fourier expansion. The time-dependent am
Fig. 5. EMD-based low-frequency~top! and high-frequency~bottom! components of hypothetical wave recording in Fig. 1~a!
JOUR
-

tude and instantaneous frequency in Eq.~13! might not only im-
prove the flexibility of the expansion, but also enable the expan
sion to accommodate nonstationary data. The frequency-tim
distribution of the amplitude is designated as the Hilbert ampli
tude spectrum,H(v,t), or simply Hilbert spectrum, defined as

H~v,t !5(
j 51

n

H̃ j~v,t ![(
j 51

n

aj~ t ! (15)
NAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2003 / 865
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Fig. 6. Contour plot of Hilbert spectrum of hypothetical wave recording in Fig. 1~a!
-

.

-

where[ denotes ‘‘by definition’’ andH̃ j5jth component of the
total Hilbert spectrumH. The square ofH reveals the evolution-
ary energy distribution or energy density.

The marginal spectrum,h(v), defined as

h~v!5(
j 51

n

h̃j~v![(
j 51

n E
0

T

aj~ t !dt (16)
Fig. 7. ~a! Recorded acceleration time history of fault-parallel YPT component in 1999 Kocaeli Turkey earthquake and~b! its Fourier amplitude
spectrum
6 / JOURNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 200
provides a measure of total amplitude contribution from each fre
quency value, in whichT denotes the time duration of data.

It should be noted that the Hilbert transform described in Eqs
~8!–~12! is not new. However, the incorporation of the Hilbert
transform into the IMF components and thus the HHT represen
tation of data in Eq.~13! are entirely novel. Huang et al.~1998!
3



ory
Fig. 8. ~a! 11 IMF components of acceleration time history at YPT, and~b! Fourier spectra of 11 IMF components of acceleration time hist
at YPT
on
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o
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o

the
on-
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show that the instantaneous frequency has physical meaning
through its definition on each IMF component; by contrast,
instantaneous frequency defined through the Hilbert transform
the original data might be less directly related to frequency c
tent because of the violation of the monocomponent condition
the Hilbert transform.
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Summary

The EMD is based on the local characteristic time scale of
data and is thus an adaptive and efficient characterization of n
stationary data. The HSA of IMF defines the instantaneous
time-dependent frequency of the data, a generalized versio
RNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2003 / 867



tained by
Fig. 9. Ten Fourier-based bandpass filtered components of acceleration time history at YPT, each of which has frequency band ob
dividing frequency range 0.05 to 55 Hz equally in logarithmic scale
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Fourier-based fixed or time-independent frequency. These
unique properties enable HHT analysis to reveal the possible
hanced interpretive value of decomposed components~i.e., IMF
or its grouped components! and Hilbert spectra, alternative
Fourier components and spectra. In addition, the HHT data
resentation makes it possible to capture the low-frequency c
ponents without requiring long data length, and nonlinear wa
form distortions without resorting to the spurious harmonics.
details of the method can be seen in Huang et al.~1998, 1999!.

Hilbert-Huang Transform Analysis of Recordings

In this section, we first use a hypothetical wave recording to
lustrate features of HHT analysis in nonstationary data proc
ing, which are also compared with those of traditional approa
for data processing. We then use the LFPL character of the
caeli, Turkey earthquake records to demonstrate the rationa
HHT analysis in earthquake data processing. The HHT calc
tion is performed using the Hilbert-Huang Transformation To
box, Professional Edition V1.0~2000!.

Hypothetical Wave Recording

Fig. 1~a! shows a hypothetical wave recordingy(t)5y1(t)
1y2(t), where decaying waves y1(t)5cos@2pt
10.5 sin(2pt)#e20.2t have time-dependent frequency
10.5 cos(2pt) in Hz and noisey2(t)50.05 sin(30pt) has con-
stant frequency 15 Hz. Note that the waves have a nonsinus
waveform with sharp crests and rounded-off troughs, which
physically related to one type of water wave in general,
symptomatic of nonlinear responses at the soil sites in earthq
868 / JOURNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2003
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recordings that are very close to the sites where liquefaction or
strong nonlinearity happens in particular~e.g., Frankel et al.
2002!. Although the dominant frequencies of the waves and noise
are 1 and 15 Hz, respectively, their Fourier amplitude spectra in
Fig. 1~b! indicate that the frequency content of the waves is
spread out with the primary energy at 1, 2, and 3 Hz. Such dis-
tortion arises for two primary reasons.

1. The Fourier amplitude spectrum defines harmonic compo-
nents globally. Therefore, the Fourier spectrum shows the
relative amplitude of Fourier sinusoidal components, aver-
aged over the entire time period. While the Fourier expan-
sion is mathematically correct, i.e., the summation of all the
Fourier components yields the original data, no individual
Fourier component provides information that is specific to
the nature of the waves nor to the time-dependent features
~i.e., nonstationarity!. This can be seen from Fig. 2 which
shows Fourier components at five selected frequencies.

2. More important, because Fourier spectral analysis explains
data in terms of a superposition of trigonometric functions
~i.e., interwaves!, it typically needs many harmonic compo-
nents to simulate deformed or nonsinusoidal wavetrains
~e.g., intrawaves!.

Quite often, Fourier-based low- and high-pass filters or the like
can be used in cases such as this to separate the high-frequency
noise from the signal waveform. Figs. 3~a and b! show the high-
and low-frequency components of the data in Fig. 1~a! obtained
by using high- and low-pass 10th order Butterworth filters with
cutoff ~or corner! frequencies 2 and 3 Hz, indicating that the
separated low-frequency waves~i.e., component f2! have dis-
torted peak, mean trend, and waveform. Note that the use of other
types of filters such as step-like high-pass filter generates similar



cy
Fig. 10. EMD-based low-frequency~a! and high-frequency~b! components of recording and Fourier spectra of EMD-based low-frequen~c!
and high-frequency~d! components
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results in Figs. 3~a and b!. Such distortion might disappear full
or partially if an appropriate cutoff frequency is chosen. Nev
theless, selection of cutoff frequency in the filters is subject
which likely, without appropriate selection of the cutoff fr
quency, distorts the true waveform.

While windowed Fourier spectral analysis can indeed aid
solving partially the above issue such as finding the windo
JOU
-
,

-

length-dependent frequency, it cannot essentially solve the is
of deformed or nonsinusoidal wavetrains such as the waves
hand. Primarily because of this, we do not present the window
Fourier spectral analysis here.

It should also be pointed out that Fourier analysis can gene
as many high-frequency components of the data as desi
subject to the data sampling~although only selected component
RNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2003 / 869



d
Fig. 11. Data in time segment of 8–20 s:~a! original data versus EMD-based low-frequency component; and~b! original data versus EMD-base
high-frequency component. Data in time segment of 39–44 s:~c! original data versus EMD-based low-frequency component; and~d! original
data versus EMD-based high-frequency component.
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are produced in Fig. 2!. While that feature has theoretica
merits ~e.g., mathematical completeness!, it does not help
the effectiveness and efficiency of data analysis for so
engineering applications such as the analysis of the charact
the low-frequency motion~e.g., sharp crests and rounded-o
troughs!.

In contrast, as we shall see, the EMD can reveal impor
characteristics of the waves with just a few IMF componen
while the Hilbert spectrum in HSA shows a clear picture
temporal-frequency energy distribution.
870 / JOURNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2003
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Fig. 4 shows the five IMF components extracted by EMD fro
the data in Fig. 1~a!. Examination of Fig. 4 indicates that the IMF
components have readily interpretable features. In particular,
first and second components (c1 andc2) represent the noise and
waves, respectively, while the rest of them (c3 to c5) with negli-
gible amplitudes represent the numerical error in the EMD p
cess.

The EMD can also function as filters by grouping the IM
components. In parallel to the high- and low-pass Fourier-ba
filters, the EMD-based high-frequency motion can be defined
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Fig. 12. Fourier spectra of data in time segment of~a! 8–20 s and~b! 39–44 s: original acceleration, and EMD-based low- and high-freque
components
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the summation of the first few IMF components, while the EM
based low-frequency motion is the summation of the remain
IMF components. Fig. 5 shows the EMD-based high- and lo
frequency components which contain the first and the remain
four IMF components, respectively. The physical significance
the separation in Fig. 5 is a distinguishing of the noise and t
waves. Note that the choice of the number of IMF components
EMD-based motion is as subjective as the selection of cutoff
quency in Fourier-based filter. However, since IMF compone
typically have useful interpretation@such as in this example o
wave recording and in many others such as in Huang et al.~1998!
and Zhang et al.~2003!#, the EMD-based motion likely contain
information more appropriately characteristic of wave moti
~e.g., waveform and peak characteristics!.
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Depicted in Fig. 6 is the Hilbert spectrum of the data in Fig
1~a!. It shows a clear picture of the temporal-frequency energ
distribution of the data, i.e., the true waves with intrawave fre
quency modulation around 1 Hz and a noise at 15 Hz. For com
parison, marginal spectra of the recording are also plotted in F
1~b!, which show truthfully the energy distribution of the motion
in frequency than the Fourier amplitude spectra.

Near-Source Earthquake Recording

We now demonstrate the rationale for use of HHT in analyzin
ground motion with the acceleration record of the 1999 Kocae
Turkey earthquake. The record is the east-west acceleration ti
RNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2003 / 871
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history at station Yarimca~YPT! ~latitude 50.763° and longitud
29.761°!, located approximately 3.5 km from the fault trace.

Fig. 7~a! shows two sets of strong-ground motion in the tim
intervals 8–20 and 39–44 s, respectively. Based on visual ob
vation, the arrival at 8–20 s consists of both LFPL signals
high-frequency signals, while the later one, near 39–44 s,
tains only high-frequency energy. Such information is import
for the following seismological and engineering purposes:

1. From a seismological perspective, these observations im
two major subevents in the rupture process, as pointed o
an early study of the earthquake recordings~e.g., Papageor
giou, 1999!. Moreover, the differences in peak amplitud
waveform, and low-frequency content of these two sets
waves can help reveal quantitative differences in the seis
source mechanism and in nonlinear soil responses due t
two subevents; and

2. From the viewpoint of structural engineering, the first se
waves will cause much larger dynamic responses of lo
period structures than will the second set, even though
peak amplitudes of the two sets are comparable.

Singling out the LFPL wave signals and knowing t
temporal-frequency energy distribution observed in the acce
tion data can aid in investigating the source mechanism and
tent of nonlinear soil response, as well as in quantifying the LF
influences on long-period structures.

Fig. 7~b! shows the Fourier amplitude spectrum of the acc
eration. As indicated before, the Fourier spectrum does not
vide information that is specific to the localized LFPL waves o
the time-dependent or evolutionary frequency content. One
nevertheless see from the Fourier spectrum significant energ
the 0.2 and 0.3 Hz band, which is the predominant frequenc
the LFPL waves in the acceleration.

HHT can efficiently reveal LFPL wave signals with just a fe
IMF components. Fig. 8~a! shows the 11 IMF components d
composed from the original data by EMD, and Fig. 8~b! shows
their corresponding Fourier amplitude spectra. It is of interes
note that most of the earthquake data analyzed have around
ten IMF components, illustrating the efficiency of the EMD. A
seen in Figs. 8~a and b!, each component emphasizes a differ
oscillation mode with different amplitude and frequency conte
The first IMF has the highest-frequency content; the freque
content decreases with the increase in IMF component until
11th IMF component, which is almost a linear function of tim
The changing frequency content of the IMF components is sim
to that seen in conventional Fourier-based bandpass filterin
shown in Fig. 9, in which each component has a frequency b
obtained by equally dividing the frequency range 0.05 to 55 H
a logarithmic scale. The IMF components, however, are an a
matic decomposition, and more physically sound than
Fourier-based bandpass filtered components. In short, Figs~a
and b! reveal the characteristics of each IMF oscillation mo
which are qualitatively and quantitatively different from the sin
soidal~and thus stationary! Fourier components and from subje
tive bandpass filtered components.

Since all the IMF components are extracted from accelera
records that are the result of seismic waves generated by
seismic source and propagating in the earth, they should re
the wave characteristics inherent to the rupture process an
earth medium properties. Indeed, a recent study~Zhang et al.
2003! shows that the IMFs contain information that sheds light
aspects of the earthquake rupture process. Because of the se
logically sound IMFs, we next examine grouped IMF compone
in the following.
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Figs. 10~a and b! depict two of the decomposed EMD-bas
components. The first component, referred to as the EMD-b
low-frequency component, was obtained from the summatio
the 4th through 11th IMF components. The second, the EM
based high-frequency component, was computed from the s
mation of the 1st through 3rd IMF components. The correspo
ing Fourier amplitude spectra are shown in Figs. 10~c and d!. In
comparison with the Fourier amplitude spectrum of the origi
data @Fig. 7~b!#, Figs. 10~c and d! indicate that the two EMD-
based components have no clear cutoff frequency, as used i
low- and high-pass filters. While the EMD-based high-freque
component has very little frequency content below 1 Hz@Fig.
10~d!#, the EMD-based low-frequency component still has n
negligible frequency content above 1 Hz@Fig. 10~c!#. This dem-
onstrates that the EMD-based decomposition differs from con
tional Fourier-based low- and high-pass filtering. In additi
comparison of Figs. 7~b! and 10~c! indicates that the Fourier am
plitude spectrum of the original data underestimates the p
value ~686.1! of the dominant low frequency as compared w
that of EMD-based data~711.1!. Since the Fourier amplitude o
the dominant low frequency is quite often used as an inde
measure the seismic energy at that frequency, the distinction
tween values based on the two different methods can be critic
the seismic design, retrofit guidelines and codes for long-pe
structures. It is worth further investigation to see which value
Fourier- or EMD-based---is more indicative for structural desi

Figs. 11~a–d! show comparisons between EMD-based com
nents and the original data in the time windows 8–20 and 39
s. Specifically, Fig. 11~a! shows that the EMD-based decompo
tion is capable of capturing the LFPL wave signals from the or
nal data in the first time window, while Fig. 11~d! shows captur-
ing of the dominant high-frequency signals of the data in
second window. This point is also seen in the comparison
window-based Fourier amplitude spectra in Figs. 12~a and b!.

Fig. 13 compares the response spectra of acceleration, v
ity, and displacement for the original data and EMD-based c
ponents with 5% damping ratio. The figures associated with
locity and displacement responses show that the EMD-based
frequency component results in response spectra much clos

Fig. 13. Response spectra with 5% damping using data of orig
acceleration, EMD-based low- and high-frequency components



Fig. 14. Contour plot of total Hilbert spectrum of recorded acceleration at YPT depicted in Fig. 10~a!
Fig. 15. Contour plot for Hilbert spectra of~a! first, ~b! second,~c! third, ~d! fourth, ~e! fifth, and ~g! sixth IMF component of acceleration
recording at YPT
JOURNAL OF ENGINEERING MECHANICS © ASCE / AUGUST 2003 / 873
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the total response spectra~based on the original data! at long
periods. Similarly, the figure for acceleration response indica
that the EMD-based high-frequency component generates a b
estimate of the total response spectra at short periods. As m
tioned in the section, ‘‘Response Spectral Analysis,’’ respo
spectra provide almost the same information as Fourier spect
acceleration. Nevertheless, Fig. 13 implies that the EMD-ba
components can catch the essential features of both the LFPL
high-frequency signals inherent in the response spectrum of
original data.

Depicted in Fig. 14 is the total Hilbert spectrum of the Koca
earthquake recording at YPT. It consists of ten individual Hilb
spectra of each IMF component, the first six of which are
picted in Figs. 15~a–f!. These figures show quantitatively th
temporal-frequency distribution of vibration characteristics in
ground-motion recording. For example, Fig. 14 shows that
wave motion in time window 39–44 s contains more hig
frequency energy than do other windows, consistent with vis
observation of the original data in Fig. 7~a!. By carefully exam-
ining Figs. 15~a–f!, one can find that the higher the IMF comp
nents, the less the variation of the corresponding Hilbert spe
or energy distribution in terms of frequency content. While
more detailed explanation of the Hilbert spectra was provided
Zhang~2001!, the full understanding of their characteristics is
subject of continuing study. For now, the potential exists fo
useful quantitative measure of a motion’s input energy to str
tural systems.

Concluding Remarks

This study introduces the method of HHT for earthquake d
analysis and investigates its rationale for studies of earthqu
engineering and seismology. It reveals the following:
1. HHT is found suited for analyzing nonstationary dynam

and earthquake motion recordings, which is better than so
conventional Fourier data processing technique in extrac
some features of recordings in studies of seismology
earthquake engineering.

2. The decomposed components in EMD of HHT, namely,
IMF components, may contain observable, physical inform
tion inherent to the original data.

3. The grouped IMF components, namely, the EMD-based lo
and high-frequency components, are capable of accura
capturing the LFPL as well as high-frequency wave sign
in the original data. These components also capture the
tures of the response spectrum of the original data.

4. The Hilbert spectra in HSA of HHT show the tempora
frequency energy distribution for dynamic and earthqua
motion recordings precisely and clearly.

Pursuing the implications and influence of HHT analysis
studies of earthquake engineering and seismology, sequentia
pers will further examine~1! the best individual measure o
ground motion~i.e., the EMD-based low-frequency peak motion!;
~2! the appropriateness of the LFPL wave signals extracted f
and defined by acceleration data as opposed to the convent
ones by velocity;~3! an improved procedure for Monte Carl
simulation of earthquake ground motion using conventional F
rier spectra and intensity envelope; and~4! the meaning of IMF
components as they relate to source mechanisms and earth
dium properties.
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