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ABSTRACT

A newly developed technique, Hilbert-Huang Transform (HHT), is introduced to 

analyze earthquake recordings. The key part of the technique is the Empirical Mode 

Decomposition (EMD) with which any complicated time series can be decomposed into a 

finite and often small number of Intrinsic Mode Functions (IMF) that have well-behaved 

Hilbert transforms. Since the decomposition is based on the local characteristic time scale 

of the data, it is applicable to non-stationary processes. With the Hilbert transform, the 

IMF yield instantaneous frequencies as function of time. The final result of the analysis is 

an energy-frequency-time distribution, designated as the Hilbert spectrum.

The ground motion recordings from the 1999 Kocaelie, Turkey earthquake, 

especially near-field ground motions, are analyzed using the HHT method as well as 

conventional data processing techniques. The analysis reveals that the conventional data 

processing techniques are found to be less suited for analyzing non-stationary earthquake 

recordings than is the EMD; the components extracted from the recordings by the HHT 

method can more truthfully capture low-frequency pulse-like (LFPL) as well as high- 

frequency wave signals than do Fourier-based or wavelet components; and the HHT- 

based Hilbert spectra of recordings show the temporal-frequency energy distribution for 

earthquake ground motion more precisely and clearly than wavelet spectra.

This study also shows that the EMD-based low frequency accelerations, or simply 

the EMD-low accelerations are good representations of the original recordings. They can 

produce quite similar linear and nonlinear responses to those caused by the original 

records. By analyzing two significant near-field ground motion recordings from the 

Kocaeli earthquake, it is shown that the EMD-low accelerations are more suitable to 

represent the influence of LFPL waves in structural dynamic responses than the



conventional ones extracted from velocity records. Moreover, the best individual measure 

of ground motion features that is most related to structural damage is found to be the 

PGA of EMD-low recordings, not the PGA or PGV of the original recordings.

Since the EMD is based directly on the local characteristic time scale of the 

original recording, each IMF component has a physical meaning. Several major IMF 

components o f acceleration recordings from the 1994 Northridge earthquake are used as 

the data set into the linear, least-square source inversion algorithm. Compared with the 

results from a nonlinear, global search algorithm, it has been shown that in the particular 

Northridge earthquake source study, each IMF component is able to resolve the rupture 

process well.

iv
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CHAPTER I

INTRODUCTION

“Near-field ground motion”, a term originated in seismology in the 1970s, has been 

a hot topic in the field of engineering for the last decade. It stands for the ground motions 

recorded in the region within several kilometers of the projection to the ground surface of 

the fault rupture zone, which have vibration or wave characteristics that are qualitatively 

different from those of the medium- to far-field motions. A typically distinguishing 

phenomenon is the clearly observed high energy single or multiple pulses in the velocity 

time histories at the beginning of the records. In this thesis, these pulses are referred to as 

the low-frequency pulse-like (LFPL) wave signals. They are also called “source flings” 

representing the cumulative effect of a large portion of the seismic radiation from the 

fault, or “Krawinkler pulses”, defined as one of three types and measured by the pulse 

peak and period {Somerville, 1998).

Catastrophic earthquakes near urban centers, notably the 1994 Northridge, the 1995 

Hyogoken Nanbu (Kobe), the 1999 Kocaeli Turkey, and the 1999 Chi-Chi Taiwan 

earthquakes, reveal that near-field, low-frequency pulse-like (LFPL) strong motions are 

major factors in the destruction of structural and geotechnical engineering systems {e.g., 

Updike, 1996; Shinozuka, 1997; and USGS, 2000). It is, therefore, important to 

understand the features, causes, as well as engineering implications of LFPL wave 

motion.
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Recent studies have shown that these LFPL wave signals are particularly important 

in the following seismological and engineering applications.

Seismological applications

(1) The LFPL wave signals help explain the source mechanism and influence of 

directivity. For example, it has been shown {Somerville et al., 1997) that LFPL 

signals are caused by propagation of the fault rupture toward an observation site 

at a velocity close to the shear wave velocity. Furthermore, the radiation pattern 

of the shear dislocation on the fault is such that the pulses are strongest 

perpendicular to the fault, so the fault-normal component of the motion is more 

severe than is the fault-parallel component {Somerville and Graves, 1996; and 

Somerville, 1998).

(2) The peak and period of the LFPL wave signals are directly related to the 

earthquake magnitude, the rise time, and the shortest distance from the site to the 

fault {Somerville, 1998; and Alavi and Krawinkler, 2000). The semi-empirical 

formulae derived from the inter-relationships of these parameters can be used for 

engineering purposes such as performance-based seismic design.

(3) Comparison of strong-motion records (e.g., low-frequency waveform and peak 

motion) with corresponding aftershocks can reveal the extent of dynamic 

nonlinear response of the soil during the main shock {Hartzell, 1998).

(4) A comprehensive understanding of the nature of earthquakes from the 

aforementioned features can aid in the realistic simulation of both near- and far- 

field ground motions, which have broad-based applications {e.g., Hartzell et al., 

1999).

Engineering applications

(1) It has been shown {e.g.. Hall, et al. 1995; Heaton et al., 1995; and Shinozuka et 

al., 1999) that near field motions in general, and the LFPL wave signals in 

particular, have significant influence on long-period structures and large-scale 

structural systems.
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(2) The LFPL wave signals have a particularly important influence on interstory drift 

of buildings via the drift spectrum (Iwan, 1997).

(3) Appropriate characterization of LFPL wave signals is critical to the performance- 

based design (Sasani and Bertero, 2000) and to the distribution of ductility 

demands over the height of a structure {Alavi and Krawinkler, 2000).

(4) Current guidelines and code documents {e.g., SEAOC Vision 2000, the 1997 

NEHRP Seismic Provisions, and the FEMA—273 Rehabilitation Guidelines) 

disregard the influence of LFPL wave signals on the dynamic response of 

structures, possibly resulting in unreliable design against near-source motions 

{Somerville, 1998).

Therefore, faithful extraction and representation of LFPL wave signals from near

source motion recordings, together with other important features such as the temporal- 

frequency seismic energy distribution, will help advance our knowledge of the nature of 

earthquakes. It will also improve understanding of a record’s damage potential on 

various structures and thus enhance seismic-resistant structural design.

Conventional methods for analyzing earthquake motion recordings (e.g. Fourier- or 

wavelet-based analysis), however, supply distorted, or indirect information on the nature 

of the ground motion from recordings, which will be reviewed in Chapter II. This might 

mislead the consequent use of ground-motion data in addressing many seismological and 

engineering issues. The problem is the lack of an appropriate approach for nonstationary 

data analysis. Earthquake data are inherently nonstationary because the recordings are the 

result o f propagation of various-type waves with different amplitude, frequency, and 

wave speed in soil media.

This study seeks to use a newly developed Hilbert-Huang Transform (HHT) to 

analyze acceleration recordings, especially near-field recordings. The objective is to 

reveal useful information from acceleration recordings that is either hidden or distorted
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by conventional data-analysis approaches and investigate its applications in studying 

earthquake source mechanisms. The format of this study is outlined as follows.

Chapter II gives a review of the conventional methods and shows their deficiencies 

in analyzing nonstationary data series. It then introduces the HHT method, which 

comprises two parts: Empirical Mode Decomposition (EMD) and Hilbert Spectral 

Analysis (HSA). Some simple examples are shown to validate HHT’s efficiency and 

appropriateness in analyzing nonstationary data series compared with conventional 

methods. To show the advantages of this new method in analyzing earthquake recordings, 

a near-field ground motion record from the 1999 Turkey Earthquake is also analyzed.

A comprehensive analysis of strong ground motions from the Turkey Earthquake 

using HHT method is carried out in Chapter III. This chapter investigates the 

appropriateness of LFPL wave signals extracted from and defined in acceleration as 

opposed to the conventional ones in velocity. A new individual index of ground motion 

that is most related to structural damage is proposed and evaluated.

Chapter IV studies the physical meanings of several major Intrinsic Mode Function 

(IMF) components (extracted via EMD) of the 1994 Northridge Earthquake ground 

motions. The IMF components are used as observed data into the linear, least-square 

inversion algorithm and the results are compared with the ones from a nonlinear, global 

search algorithm. The physical meaning of each IMF component is suggested in 

resolving the whole rupture process. A small test example is also performed to validate 

the Northridge results.

Chapter V offers the conclusions of this study and suggests directions for the future 

research.
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CHAPTER II

EARTHQUAKE DATA PROCESSING BY CONVENTIONAL 
AND HHT METHODS

2.1 Introduction

In this chapter, we will introduce the newly developed Hilbert-Huang Transform 

(HHT) to analyze earthquake recordings. The key part of the method is the Empirical 

Mode Decomposition (EMD) with which any complicated time series can be 

decomposed into a finite and often small number of Intrinsic Mode Functions (IMF) that 

admit well-behaved Hilbert transforms. With the Hilbert transform, the IMF components 

yield instantaneous frequencies as a function of time. Since the EMD is based on the 

local characteristic time scale of the data, the HHT method is particularly useful in 

analyzing nonstationary processes. Before showing this method, the review of 

conventional methods is first given below.

2.2 Conventional Techniques for Earthquake Data Analysis

In obtaining information from strong motion data, seismologists and engineers 

primarily use the major methods listed below. Also listed are shortcomings of each 

method, which will be contrasted with the HHT approach.
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2.2.1 Analysis in Transformed Domain

Frequency-related characteristics of seismic waveforms are usually revealed by 

analyzing the data in transformed domains, with the aid of the following transformation 

techniques.

2.2.7.1 Fourier Spectral Analysis
The most widely used method for analyzing earthquake recordings is Fourier

spectral analysis. This approach can reveal the frequency content and amplitude, or 

energy distribution, of the motion via Fourier transformation. However, the problem is 

that Fourier analysis is meaningful only for stationary data. The Fourier spectrum defines 

harmonic components globally. Therefore, it yields average characteristics over the 

duration of the data window analyzed, even if  those detailed characteristics, e.g., 

dominant frequencies, may change significantly over different portions of the window. A 

typical example is the 8 function; its Fourier spectrum spreads out the energy uniformly 

over all frequency ranges. Also, because Fourier spectral analysis explains data in terms 

of a superposition of trigonometric functions, it needs many high-frequency harmonic 

components to simulate deformed or non-sinusoidal wavetrains.

Because earthquake motion data are nonstationary, Fourier spectral analysis distorts 

the energy distribution from the recordings. Specifically, the Fourier transform spreads 

the energy over a wider frequency range and loses the locality of the energy distribution.

2.2.1.2 Windowed Fourier Spectral Analysis
To improve the use of Fourier spectral analysis over a whole time history of

earthquake ground motion, windowed Fourier spectral analysis is used {e.g., Liu and 

Jhaveri, 1969; and Liu, 1970). In this approach, Fourier spectral analysis is performed 

over restricted windows centered on specific features of interest in the data. In this way, 

the analysis provides information on frequency content locally in the data (e.g.,
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evolutionary power spectra), thus reducing the problem of nonstationarity. However, the 

frequency resolution of Fourier spectral analysis is reduced when the length of the 

window is restricted. Thus, one is faced with a trade-off. The shorter the window, the 

better the locality of the Fourier spectrum, but the poorer the frequency resolution. In 

addition, selection of window length is very subjective.

2.2.1.3 Wavelet Analysis
Based on recognition of the disadvantages o f Fourier analysis, especially the non

localization characteristic in time, wavelet analysis has been used in the past decade or so 

to recover more accurate local information from nonstationary strong motion data {e.g., 

Onsay and Haddow, 1994; Chakraborty and Okaya, 1995). The wavelet approach is 

essentially an adjustable window Fourier-type spectral analysis (e.g., Huang et al, 1998). 

It thus suffers similar deficiencies as windowed Fourier spectral analyses. Accordingly, 

wavelet analysis can provide a sound tool in situations where better time-resolution at 

high frequencies than at low frequencies is desirable (Daubechies, 1990). Since the low- 

frequency features of ground motion (e.g., LFPL waveform and energy distribution) of 

earthquake data are more important in seismological and engineering applications than 

are those at high frequencies (see Chapter I), the use of wavelet analysis is likely to be 

not better than those of the conventional or windowed Fourier spectral analysis.

Furthermore, wavelet decomposition is strongly conditional on the selected mother 

wavelet. Consequently, the physical interpretation of each wavelet decomposition and 

spectrum is meaningful only relative to the selected mother wavelet, but not directly to 

the original data. This point will be elaborated in the numerical examples later.

2.2.2 Analysis in Time Domain

In comparison with data analysis in transformed domain, major characteristics of 

the data can be simply and directly obtained from the following analysis in the time 

domain.



8

2.2.2.1 Important Individual Ground Motion Parameters
A simple measure of ground motion is the use of peak motions and dominant

frequency. While peak motion (e.g., peak ground acceleration or PGA) does reflect the 

intensity of ground motion at a given location, it gives a fairly non-comprehensive, 

sometimes significantly distorted, measure of seismic damage. A typical example to 

illustrate this point is the 1999 Kocaeli, Turkey earthquake (see Chapter III). The 

maximum PGA at the near-epicenter site in Kocaeli is 0.32g, smaller than the 0.37g at the 

Duzce site further from the epicenter. However, the 6,994 dead and 9,025 injured in the 

area of Kocaeli, directly related to structural collapse, were much higher than the 262 

dead and 1,146 injured at Duzce. While many factors contribute to these numbers of 

casualties, such as design and period of buildings, year of construction, site effects, and 

population density, it nevertheless indicates that a comprehensive description of ground 

motion for engineering use needs more complete information, such as frequency content 

associated with the peak motion. Accordingly, PGA can be used together with its 

associated dominant frequency to improve the measure of potential for structural damage. 

However, Fourier-based or wavelet spectral analysis, as described in Section 2.2.1, does 

not represent the dominant frequency and its amplitude faithfully.

Peak ground velocity (PGV) is another measure of an earthquake’s impact on 

structural systems than is PGA, since it is associated with the peak of low-ffequency 

motion as well as being a measure of the energy (i.e., proportional to squared velocity), 

which is critical to most structural systems. However, since PGV is obtained from the 

velocity-time history by integrating the acceleration recording, it can be distorted through 

the data processing procedure, which includes baseline corrections, band-pass filters, and 

instrument correction (e.g., USGS National Strong-Motion Program 2000 at 

http://nsmp.wr.usgs.gov/processing.html.)

http://nsmp.wr.usgs.gov/processing.html
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2.2.2.2 Integration Approach for LFPL Wave Signals

The LFPL wave signals, which are described by their peak and duration in the 

velocity time histories, have been recently found to be one of the most important features 

of near-source motion (e.g., Somerville, 1998; Alavi and Krawinkler, 2000; and Sasani 

and Bertero, 2000). The LFPL wave signals integrate important information in the 

ground motion such as the dominant low-frequency content, their peak amplitudes, as 

well as nonstationarity. Therefore, the LFPL wave signals are more useful to 

seismological and engineering applications than the individual ground motion parameters 

mentioned above.

Due to the following reasons, however, the LFPL signals observed and described in 

velocity time histories represent indirect information on the true ground motion.

(1) As mentioned before, velocity time histories obtained from acceleration 

recordings might be distorted resulting from data processing procedures.

(2) More importantly, slight changes in the LFPL signals defined in velocity time 

histories might alter, likely in an obvious way, the vibration/wave characteristics 

o f the LFPL acceleration signals. A typical example is the recording of the 1999 

Kocaeli earthquake at SKR, 3.3 km from the surface rupture. Specifically, the 

currently-used (e.g., Somerville, 1998; Alavi and Krawinkler, 2000; and Sasani 

and Bertero, 2000) triangle-type single pulse is found to approximate well the 

LFPL wave signals in the velocity time history obtained by integrating the 

acceleration recording. However, the double rectangle-type pulses in the 

corresponding acceleration, obtained by differentiating the triangle-type single 

pulse, are found to be significantly different from the original acceleration 

recording. This distorted wave characteristic in acceleration will affect the 

estimation of the influences of LFPL wave signals on dynamic analysis of 

structures, since the input forces to a structural system are proportional to the 

acceleration, not the velocity. This point will be elaborated in Chapter III.
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For the above reasons, LFPL wave signals extracted from and defined in velocity 

time histories might not be as appropriate as those obtained directly from acceleration 

recordings.

2.2.3 Response Spectral Analysis

The response spectrum is a measure of the influence of ground motion on structures 

with different resonant periods. While response spectra (either conventional or recently- 

proposed 3D by Safak, 1998) are indeed the most widely-used and simplistic description 

of ground motions for seismic design, they provide only indirect information on the 

acceleration, and essentially the equivalent information as Fourier spectra of acceleration. 

In general, from response spectra, one cannot tell which factor(s) or feature(s) of ground 

motion (such as PGA, dominant frequency, LFPL wave signals) attribute most to 

damage. Knowing these factors would significantly aid in the design of safer and more 

economic earthquake-resistant structures. In particular, the single-degree-of-freedom 

system used in the response spectrum calculation functions as one type of Fourier-based 

filter, which is controlled by two structural parameters—natural frequency and damping. 

Therefore, response spectra are an alternative representation of Fourier spectra of ground 

acceleration.

2.2.4 Summary

In short, the conventional approaches provide distorted, indirect, or incomplete 

information on recorded acceleration data. The problem lies in the lack of an appropriate 

method for analysis of nonstationary earthquake data.



11

2.3 Hilbert-Huang Transform (HHT)

The Hilbert-Huang Transform (HHT), developed by Huang et al. (1998 and 1999), 

can represent nonstationary data such as earthquake recordings. The HHT method 

consists of two parts: Empirical Mode Decomposition (EMD) and Hilbert Spectral 

Analysis (HSA), which are summarized from Huang et al. (1998 and 1999) below, and 

focused on applications to earthquake recordings.

2.3.1 Empirical Mode Decomposition (EMD)

The EMD decomposition builds on the assumption that any data set consists of 

different, simple, intrinsic modes of oscillation that need not be sinusoidal, and the non- 

sinusoidal character of each mode of oscillation is derived in an objective manner from 

the data. At any given time, the recorded data may have many different co-existing 

“modes of oscillation” which may relate to different seismological phases. Each of these 

oscillatory modes, called an Intrinsic Mode Function (IMF), is defined by the following 

conditions:

(1) over the entire data set, the number of extrema and the number of zero-crossings 

must be 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.
0.1

1»
E

- 0.1
4.2 4.4 4.6 4.8 5.2

Time (s)

Figure 2.1 A typical intrinsic mode function with the same numbers of zero crossings 
and extrema, and symmetry of the upper and lower envelops with respect to zero (from 
Huang et al., 1998).
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A typical IMF is shown in Fig. 2.1. An IMF represents a simple oscillatory mode 

similar to a component in the Fourier-based simple harmonic function, but more general. 

One can decompose any waveform as follows.

03

0.1

- 0.2

0.1

- 0.1

- 0.1

0.1 -

i

- 0.1 5.14.94.5 4.6 4.7 4.8

Time(s)
' 4.2 4.3 4.4

- 0.1

4.2 4.4 4.8 4.8 5
Time (s)

Figure 2.2 (left) Illustration of the sifting processes: (a) the original data; (b) the data in 
thin solid line, with the upper and lower envelopes in dot-dashed lines and the mean, mx, 
in thick solid line; (c) the difference between the data and mx. This is still not an IMF, 
for there are negative local maxima and positive minima suggesting riding waves (from 
Huang et al., 1998)

Figure 2.3 (right) Illustration of the effects of repeated sifting process: (a) after one more 
sifting of the result in figure 2.2(c), the result is still asymmetric and still not an IMF; (b) 
after three siftings, the result is much improved, but more sifting needed to eliminate the 
asymmetry. The final IMF is shown in figure 2.1 after nine siftings (from Huang et al., 
1998)

First, identify all the local extrema. Connect all the local maxima by a cubic spline 

to produce the upper envelope, and repeat the procedure for the local minima to produce 

the lower envelope. The upper and lower envelopes should encompass all the data
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between them. The mean of these two envelopes is designated as ml , and the difference 

between the data X  and mx is the first component hx ; i.e.,

hx(t) = X { t ) - m x (t). (2.1)

Ideally, hx should be an IMF, since the construction of hx described above should have 

made it satisfy all the conditions set in the definition of an IMF. Yet, in practice, all the 

conditions of an IMF cannot be achieved until the previous process, called sifting 

process, is repeated. In the subsequent sifting process, hx is treated as the data, then

K ( t )  = h\(t ) - m\\(t) (2 .2)

where mn is the mean of the upper and lower envelopes of hx. After repeated sifting, up 

to k  times until hxk is an IMF, given by

K  0) = *i(t-i) (0 -  (t) (2.3)

It is designated as the first IMF component cx from the data, or

ci(0  = *u(0- (2.4)

The procedure is illustrated in Figs. 2.2, 2.3. Typically, cx will contain the finest-scale or 

the shortest-period component of the signal. One then removes c, from the rest o f the 

data to obtain the residue

rx(t) = X ( t ) - c x(t). (2.5)

The residue rx, which contains longer-period components, is treated as the new data and 

subjected to the same sifting process as described above. This procedure can be repeated 

to obtain all the subsequent rf ' s as follows:

rj_x ( t ) - c j (t) = rJ(t) ; y = 2 , 3 , . . . , re (2.6)

The sifting process can be terminated by any of the following predetermined criteria: (1) 

either the component cn or the residue rn becomes so small that it is less than a 

predetermined value of consequence, and (2) the residue rn becomes a monotonie 

function, from which no more IMF can be extracted. If the data have a trend, the final
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residue will be that trend. The original data is thus the sum of the IMF components plus 

the final residue:

* ( 0  = 5 > / ( 0 + /•„(') (2.7)
7=1

Thus, the data are decomposed into n IMF components, and a residue rn that can be 

either the mean trend or a constant.

2.3.2 Hilbert Spectral Analysis (FfSA)

For given data, X(t), the Hilbert Transform, Y(t), is defined as

Y{t) = - P \ ^ r dt' , (2.8)
7U J t - t

where P  denotes the Cauchy principal value. With this definition, X(t) and Y(t) can be 

combined to form the analytical signal Z(t), given by

Z{t) = X (t)  + iY(t) = a(t)ei m , (2.9)

where time-dependent amplitude a(t) and phase 0(t) are found as

a(t) = ^ X \ t )  + Y 2(t) (2.10)

0(t) = arctan (2.11)
%(f)

From the polar coordinate expression of Eq. (2.9), the instantaneous frequency can be 

defined as

aKt) = ^ P -  . (2.12)
at

Applying the Hilbert transform to the n IMF components of X(t) in Eq. (2.7), the data X(t) 

can be written as

= (2.13)
7=1
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where 91 denotes the real part of the value to be calculated and ctj is the analytic signal

associated with the jth  IMF. The residue rn is not included because of its monotonie 

property {Huang et al., 1998). Eq. (2.13) is written in terms of amplitude and 

instantaneous frequency associated with each component as functions of time, which 

differ from the time-independent amplitude and phase in the Fourier series representation 

of

X (t)  = ‘$ iYJAj e a‘‘ (2.14)
7=1

where Aj is the Fourier transform of X(t), a function of frequency Q v . Comparison of

the two representations in Eqs. (2.13) and (2.14) suggests that the IMF represents a 

generalized Fourier expansion. The time-dependent amplitude and instantaneous 

frequency in Eq. (2.13) might not only improve the flexibility of the expansion, but also 

enable the expansion to accommodate nonstationary data.

With this equation, we are also able to represent the amplitude and instantaneous 

frequency as functions of time in a 3D plot, in which the amplitude can be contoured on 

the frequency-time plane. This frequency-time distribution of the amplitude is designated 

as the Hilbert Amplitude Spectrum, H{co, t) , or simply Hilbert Spectrum.

The marginal spectrum, h{co) , defined as

T

h{œ)= ^H{co,t)dt (2.15)
o

provides a measure of total amplitude or energy contribution from each frequency value, 

in which T  denotes the time duration of data. The Hilbert spectrum or marginal spectrum 

has a totally different meaning from the Fourier spectral analysis. In the Fourier 

representation, the existence of energy at a frequency refers to a component o f a sine or a 

cosine function that has persisted through the time span of the data. The Hilbert spectrum

is a weighted non-normalized joint frequency-time distribution of amplitude.



16

Consequently, the frequency in the marginal spectrum indicates only the likelihood that 

an oscillation with such a frequency exists.

It should also be noted that the Hilbert transform described in Eqs. (2.8)-(2.12) is 

not new. However, the incorporation of Hilbert transform into the IMF components and 

thus the HHT representation of data in Eq. (2.13) are entirely novel. The reason of doing 

EMD of original data is to allow correct calculations of instantaneous frequency. Without 

the EMD, the instantaneous frequency out of the Hilbert spectrum is not meaningful. It 

requires, before the invention of the EMD, the function X(t) in the equation (2.8) has to 

be symmetric locally with respect to zero mean level to apply the Hilbert spectrum, 

which most data series are not. Hilbert spectrum, therefore, has not been using broadly. 

But on the other hand, it became the start point for Huang to invent the EMD and HHT 

method.

2.3.3 Summary

The EMD of HHT is a scale-based (or amplitude-based) decomposition of the 

original data, rather than period-based (or time-based) decomposition as in the 

conventional or windowed Fourier transformation approach, or mother-wavelet-based 

decomposition as in the wavelet transformation approach. The HSA of the HHT defines 

the instantaneous or time-dependent frequency of the data, a general version of Fourier- 

based fixed or time-independent frequency. These two unique properties enable HHT 

analysis to reveal the physical meaning of each IMF component and Hilbert spectrum, as 

opposed to each Fourier or wavelet component and spectrum. Further details of this 

method, including some applications in geophysics and engineering, can be seen in 

Huang et al. (1998, 1999).
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2.4 HHT Analysis of Earthquake Ground Motion

We will demonstrate the characteristics of HHT in analyzing ground motion by 

considering a near-source acceleration record of the 1999 Kocaeli, Turkey Earthquake. 

The record is the east-west acceleration time history at station YPT (latitude 50.763° and 

longitude 29.761°), located approximately 4.4 km from the fault trace.

(a) peak=-2.30 (t=15.77s)

Time(s)

■§ 600

3 . 400

1  200

10"2 10" 10 10
Frequency(Hz)

Figure 2.4 (a) Recorded acceleration time history of fault-parallel YPT component in the 
1999 Kocaeli Turkey Earthquake, and (b) its Fourier spectrum

Fig. 2.4a shows two sets of strong-ground motion in the time intervals 8-20 and 39- 

44 sec, respectively. Based on visual observation, the arrival at 8-20 sec consists of both 

LFPL signals and high-frequency signals, while the second one, near 39-44 sec, contains 

only high-frequency energy. Such information is important for the following 

seismological and engineering purposes:

(1) From a seismological perspective, these observations imply two major sub-events 

in the rupture process, as pointed out in an early study of the earthquake recordings 

(e.g., Papageorgiou, 1999). Moreover, the differences in peak amplitude, 

waveform, and low-ffequency content of these two sets o f waves can help reveal
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quantitative differences in the seismic source mechanism and in nonlinear soil 

responses due to the two sub-events.

(2) From the viewpoint of structural engineering, the first set of waves will cause much 

larger dynamic responses of long-period structures than will the second set, even 

though the peak amplitudes of the two sets are comparable.

Singling out the LFPL wave signals and knowing the temporal-frequency energy 

distribution from the acceleration data can aid in investigating the source mechanism and 

extent of nonlinear soil response, as well as in quantifying the LFPL influences on long- 

period structures.

Fig. 2.4b shows the Fourier amplitude spectrum of the acceleration. It shows the 

relative amplitude of Fourier sinusoidal components, averaged over the entire time 

period. The Fourier components at eight selected frequencies are shown in Fig. 2.5. 

Unfortunately, these Fourier components do not provide information that is specific to 

the localized LFPL waves nor to the time-dependent or evolutionary frequency content. 

But, one can see from the Fourier spectrum and its components significant energy in the 

0.2 and 0.3 Hz band, which is the predominant frequency of the LFPL waves in the 

acceleration.
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Figure 2.5 Fourier components (Jj, j= \,2 ..., 8) at selected frequencies (i.e., 1.27, 0.63, 
0.32, 0.17, 0.08, 0.05, 0.03 and 0.02 Hz).



19

As indicated in Section 2.2.1.2, windowed Fourier spectral analysis could be 

employed to analyze the data. Since the selection of window length is primarily visually 

based and thus subjective, the windowed Fourier analysis is quantitatively uncertain. In 

addition, the issue of window-length-dependent frequency resolution remains unsolved.

Alternatively, the data could be decomposed into a series of wavelet components, 

as shown in Figs. 2.6a-d, each of which corresponds to the mother wavelet of db l, db5, 

and dblO in the Daubechies family, and sym2 in the Symmlet family, respectively. As 

seen in these figures, the wavelet components (say, wç) in each set of decompositions 

have different waveforms, strongly conditional on the selected mother wavelet. This 

dependence o f the shape of the decomposed wavelet components on the selected mother 

wavelet makes the interpretive value of wavelet decompositions limited.

It should also be pointed out that both Fourier and wavelet analyses can generate as 

many high-frequency components of the data as desired (although only selected or 

limited components are produced in Figs. 2.5 and 2.6). While that feature has theoretical 

merits (e.g., completeness and adaptability), it does not help effectively and efficiently 

analyze the data for seismological and engineering applications that require, as indicated 

earlier, more useful low-frequency motion information (e.g., LFPL wave signals) than 

high-frequency information.

In contrast, HHT can reveal LFPL wave signals with just a few IMF components. 

Fig. 2.7a shows the eleven IMF components decomposed from the original data by 

EMD, and Fig. 2.7b shows their corresponding Fourier amplitude spectra. It is of 

interest to note that most of the earthquake data analyzed have around ten IMF 

components, illustrating the efficiency of the EMD. As seen in Figs. 2.7a,b, each 

component reflects a different oscillation mode with different amplitude and frequency 

content. The first IMF has the highest-frequency content; frequency content decreases 

with the increase in IMF component until the 11th IMF component, which is almost a 

linear function of time. The changing frequency content of the IMF components is
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similar to conventional Fourier-based band-pass filtering, as shown in Fig. 2.8, in which 

each component has the frequency band equally divided from 0.05 to 55 Hz in a 

logarithmic scale. However, the IMF components are an automatic decomposition, and 

more physically sound (to be elaborated below), than the Fourier-based band-pass 

filtered components. In short. Figs. 2.7a,b reveal the characteristics of each IMF 

oscillation mode, which are qualitatively and quantitatively different from the sinusoidal 

(and thus stationary) Fourier components, from subjective band-pass filtered 

components, and from mother wavelet-dependent components.

Wavelet Components(db1 )

i  -o.

Wavelet Components(db10)

Wavelet Components(db5)

Wavelet Components(sym2)

Figure 2.6 Wavelet components with the use of mother wavelet of (a) dbl, (b) db2, (c) 
dblO, and (d) sym2
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Figure 2.7a 11 IMF components of acceleration time history at YPT
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Figure 2.7b Fourier Spectra of 11 IMF components of acceleration time history at YPT
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Figure 2.8 Eleven Fourier-based band-pass filtered components of acceleration time 
history at YPT, each of which has the frequency band equally divided from 0.05 to 55 Hz 
in a logarithmic scale.

2.4.1 Physical Interpretation of the EMD of HHT

We now digress from the analysis of earthquake data to examine the physics of the 

EMD of HHT. Fig. 2.9a shows a hypothetical water wave recording y(t) = y l (t) + y 2 (0  , 

consisting of decaying water waves y, (t) = cos[2^t + 0.5 sin(2^f)]e”°2/ with intrawave 

frequency modulation around 1 Hz and high-frequency noises y 2 (t) = 0.05sin(30^t) . It 

is noted that the nature of the water wave is a typical non-sinusoidal waveform with sharp 

crests and rounded-off troughs. Although the dominant frequencies of water waves and 

noise are 1 and 15 Hz, respectively, its Fourier spectrum in Fig. 2.9b indicates that the 

frequency content of the water waves is spread out with the primary energy at 1 ,2 , and 3
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Hz. The Fourier components at five selected frequencies are shown in Fig. 2.10. While 

mathematically correct, these Fourier components do not provide information that is 

specific to the nature of the waves nor to the time-dependent features (i.e., 

nonstationarity).
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Figure 2.9 Plots of (a) A hypothetical water wave recording y(t) = y x (t) + y 2 (t) , 
consisting of water waves y^ (t) = cos[2%f + 0.5 sin(2^)]e-0'2/ and high-frequency noise 
y 2 (t) = 0.05 sin(30M) ; (b) Fourier spectrum of the hypothetical water wave recording.

Selected Fourier Components

Time(sec)

Figure 2.10 Fourier components (ÿ,y=l,2,3,4,5) at selected frequencies (i.e., 10, 5, 2, 1 
and 0.5Hz).
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Figs. 2.1 la-d show the wavelet components corresponding to the mother wavelet of 

dbl, db5, dblO in the Daubechies family and sym2 in the Symmlet family, respectively. 

The decompositions are much better. However, again wavelet components (say, wJ) are 

strongly conditional on the selected mother wavelet. Furthermore, none of components 

(say, w5) in each set gives the right amplitude in the beginning of the record.

In contrast, HHT can reveal the nature of the waves with just a few IMF 

components. Fig. 2.12 shows the five IMF components decomposed from the original 

data by EMD. Carefully examining Fig. 2.12 indicates that IMF components contain 

observable physical meanings. In particular, the first and second components (c; and cj) 

represent the noise and water waves, while the rest of them with negligible amplitudes 

represent decomposition numerical error.

Quite often, Fourier-based low- and high-pass filters or the like are used in such a 

case to separate the high-frequency noise from the true waveform. Fig. 2.13a shows the 

high-and low-frequency components of the data by using a 10th order butterworth filter 

with cutoff (or comer) frequency 2 Hz, indicating clearly that the separated low- 

frequency water waves (i.e., component f2) are significantly distorted in terms of peak, 

mean trend, and waveform. Such distortion might disappear (fully or partially) as an 

appropriate cutoff frequency is chosen, as shown in Figs. 2.13b and 2.13c with cutoff 

frequencies 3 and 10 Hz. Nevertheless, these figures indicate that selection of cutoff 

frequency in the filters is subjective. By the same token, HHT can also achieve the same 

purpose by grouping the second to fifth IMF components (referred to as EMD-based 

low-frequency component), as shown in Fig. 2.14.
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Figure 2.11 Wavelet Components with the use of wavelet of (a) dbl, (b) db2, (c) dblO, 
and (d) sym2
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Figure 2.13 Fourier components with a cutoff frequency (a) 2Hz , (b) 3Hz, and (c) 10Hz
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2.4.2 EMD-Based Low- and High-Frequency Components

We now return to the analysis of the earthquake data shown in Fig. 2.4a. Since all 

the IMF components are extracted from acceleration records that are the result of seismic 

waves generated by the seismic source and propagating in the earth, they should reflect 

the wave characteristics inherent to the rupture process and/or the earth medium 

properties. The interpretation of each IMF component will be explored in Chapter IV. 

The grouped IMF components are examined in the following.

Figs. 2.15a and 2.15b depict two of the decomposed EMD-based components. The 

first component, referred to as the EMD-based low-frequency component, was obtained 

from the summation of the 4th through 11th IMF components. The second, the EMD- 

based high-frequency component, was computed from the summation of the 1st through 

3rd IMF components. Note that EMD-based low- and high-frequency components are 

not IMF component any more since they will not satisfy the definition of IMF after 

summation. The corresponding Fourier amplitude spectra are shown in Figs. 2.15c and 

2.15d. In comparison with the Fourier amplitude spectrum of the original data (Fig. 

2.4b), Figs. 2.15c and 2.15d indicate that the two EMD-based components have no clear 

cutoff (or comer) frequency, as used in the low- and high-pass filters. While the EMD- 

based high-frequency component has very little frequency content below 1 Hz (Fig. 

2.15d), the EMD-based low-frequency component still has non-negligible frequency 

content above 1 Hz (Fig. 2.15c). This demonstrates that the EMD-based decomposition 

differs from conventional Fourier-based low- and high-pass filtering. In addition, 

comparison of Figs. 2.4b and 2.15c indicates that the Fourier amplitude spectrum of the 

original data underestimates the peak value (686.1) of the dominant low frequency as 

compared with that of EMD-based data (711.1). This observation is consistent with the 

analysis of the 1985 Mexico earthquake records through marginal spectrum (see equation 

2.15) in Huang et al. (1998). Since the Fourier amplitude of the dominant low-frequency 

is quite often used as an index to measure the seismic energy at that frequency, the
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aforementioned observation is critical to the seismic design, retrofit guidelines and codes 

for long-period structures.

EMD Components
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(a)EMD-low (peak=1.27 at 10.76s)2
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Figure 2.15 EMD-based (a) low-frequency and (b) high-frequency components of the 
YPT recording

Figs. 2.16a-d show comparisons between EMD-based components and the original 

data in the time windows 8-20 and 39-44 sec. Specifically, Fig. 2.16a shows that the 

EMD-based decomposition is capable of capturing the LFPL wave signals from the 

original data in the first time window, while Fig. 2.16d shows capturing of the dominant 

high-frequency signals o f the data in the second window. This point is also clearly seen 

by the comparison of window-based Fourier amplitude spectra in Figs. 2.17a and 2.17b.

Fig. 2.18 compares the response spectra of acceleration, velocity and displacement 

for the original data and EMD-based components with 5% damping ratio. The figures, 

particularly those associated with velocity and displacement responses, show that the 

EMD-based low-frequency component results in response spectra much closer to the total 

response spectra (based on the original data) at long periods. Similarly, the figures, 

especially for acceleration response, indicate that the EMD-based high-frequency 

component generates a better estimate of the total response spectra at short periods. As 

mentioned in Section 2.2.3, response spectra provide almost the same information as
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Fourier spectra of acceleration. Nevertheless, Fig. 2.18 implies that the EMD-based 

components can catch the essential features o f both the LFPL and high-frequency signals 

inherent in the response spectrum of the original data.

Fourier Spectra
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Figure 2.15 Fourier spectra o f EMD-based (c) low-frequency, and (d) high-frequency 
components o f the YPT recording.
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Figure 2.16 Data in the time segment of 8-20 sec: (a) original data vs. EMD-based low- 
frequency component, and (b) original data vs. EMD-based high-frequency 
component



30

EMD(solid line) vs. Original(dashed line)
3

2

■2
-3

42 4341 4439 40

EMD(solid line) vs. Original(dashed line)
3

2

i :
< -i

•2
-3

39 40 41 42 43 44
Tlme(s)

Figure 2.16 Data in the time segment o f 39-44 sec: (c) original data vs. EMD-based 
low-frequency component, and (d) original data vs. EMD-based high-frequency 
component.
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Figure 2.17a: Fourier spectra o f the data in the time segment o f 8-20 sec: Original 
acceleration, EMD-based low- and high-frequency components.
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Figure 2.17b: Fourier spectra o f the data in the time segment o f 39-44 sec: Original 
acceleration, EMD-based low- and high-frequency components
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Figure 2.18 Response spectra with 5% damping using the data o f original acceleration, 
EMD-based low- and high-frequency components.
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2.4.3 Hilbert Spectrum

Before examining the temporal-frequency energy distribution of the data by the 

Hilbert spectra, four simple examples are presented to show the characteristics o f HSA, 

in comparison with wavelet spectral analysis. The first example is, as shown in Fig. 

2.19a, frequency-shifted sinusoidal waves, a simple representation of frequency- 

evolutionary characteristic of earthquake wave motions due to various body- and surface- 

wave arrivals. The corresponding Morlet wavelet and Hilbert spectra are respectively 

plotted in Figs. 2.19c-e, in which the 3D plot o f the wavelet spectrum in Fig. 2.19c is 

presented in order to facilitate understanding of the contour plot in Fig. 2.19d. From 

Figs. 2.19d and 2.19e, one sees that both spectra can capture the main feature o f the 

shifting frequency. However, the Morlet wavelet spectrum is less precise than the Hilbert 

spectrum. The reason of using the Morlet wavelet (Fig. 2.19b) is that it is a Gaussian

modulated wavelet with the definition of morl(x) = e 2 cos(5x) . It is able to resolve 

sinusoidal wave better.

0.6
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-0.4
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- 0.8

1000 200 300 500 600
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Figure 2.19a (left) Frequency-shifted sinusoidal waves, a simple representation of 
frequency-evolutionary characteristics o f earthquake wave motions due to various body- 
and surface-wave arrivals; b (right) Morlet wavelet
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Figure 2.19 (c) Morlet wavelet spectrum of frequency-shift sinusoidal waves depicted in 
Figure 2.19a; (d) a contour plot for the Morlet wavelet spectrum of frequency-shift 
sinusoidal waves depicted in Figure 2.19a. The lighter the color, the larger the energy in 
the spectra, which applies to all the subsequent contour plots.
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Figure 2.19e A contour plot o f the Hilbert spectrum of frequency-shift sinusoidal waves 
depicted in Fig. 2.19a.
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A second example is shown in Fig. 2.20a, a double sinusoidal pulse as a simple 

example o f a LFPL wave in earthquake recordings. The corresponding Morlet wavelet 

and Hilbert spectra are respectively plotted in Figs. 2.20b and 2.20c. These results 

clearly show that the Hilbert spectrum is much better in identifying temporal-frequency 

content than is the Morlet wavelet spectrum.

While the previous two examples use sinusoidal waves. Fig. 2.21a, the third 

example, is a non-sinusoidal, nonstationary time history. While the wavelet spectrum 

almost loses the trace of frequency evolution and intensity with time, due to the 

deficiency of wavelet theory to handle low-frequency nonstationary data, the Hilbert 

spectrum shows the capability of HSA: clearly and precisely capturing the frequency 

evolution and its intensity with time. In addition, computational time for Hilbert spectra 

(less than 30 sec) is significantly less than that for wavelet spectra (15 minutes on 

average, depending on the selected time- and frequency-resolutions).

We use the hypothetical water wave as another example to show the efficacy of 

HSA. Fig. 2.22 shows the dblO wavelet spectrum of the hypothetical water wave (Fig. 

2.8) as a function of time and frequency. Note that the frequency in Fig. 2.22 is in the 

wavelet sense and obtainable as the inverse of scale factor. So are the previous wavelet 

spectrum plots. As a matter of fact, each mother wavelet has its own frequency band in 

the conventional frequency sense (i.e., Fourier-based and thus time-independent), as 

shown in Figs. 2.23a to 2.23h. Therefore, the scale factor in the wavelet spectrum is no 

longer simply (i.e., inversely) related to the conventional time-independent frequency. 

Converting the scale in wavelet spectrum to the conventional Fourier-based frequency 

content requires a much greater amount o f customizability. Therefore, the wavelet 

spectrum essentially provides indirect information of temporal-frequency energy 

distribution of the data. In contrast, Hilbert spectrum in HSA shows a much clearer 

picture of temporal-frequency energy distribution. As depicted in Fig. 2.24, the true 

water waves have dominant energy with intrawave frequency modulation around 1 Hz 

and a noise frequency at 15 Hz.
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Figure 2.20a A double sinusoidal puise as a simple example o f a LFPL wave in 
earthquake recordings.
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Figure 2.20 a contour plot o f (b, left) Morlet wavelet spectrum, (c, right) Hilbert 
spectrum of sinusoidal-type pulse waves depicted in Figure 2.20a.
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Figure 2.21 (a) A time history o f nonlinear and nonstationary waves y  = e~°'5t s in (r  )
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Figure 2.21 A contour plot for (b, left) the Morlet wavelet spectrum, (c, right) Hilbert 
spectrum of nonstationary waves depicted in Figure 2.21a.
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Figure 2.22 The dblO Wavelet spectrum of the hypothetical water wave recording in 
Figure 2.8.
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Figure 2.24 The Hilbert spectrum of the hypothetical water wave recording in Figure 2.8.
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Figure 2.23 Plots o f (a) wavelet dbl, and (b) its Fourier spectrum; (c) wavelet db5, and 
(d) its Fourier spectrum; (e) wavelet dblO, and (f) its Fourier spectrum; (g) wavelet sym2, 
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These examples demonstrate that the HSA can provide a better representation of 

temporal-frequency energy distribution in a time series via the Hilbert spectrum than can 

the wavelet spectrum. Therefore, we used the HSA of HHT to provide the Hilbert 

spectrum in Fig. 2.25 o f the Kocaeli earthquake recording at YPT. The total Hilbert 

spectrum in Fig. 2.25 consists o f 11 individual Hilbert spectra o f each IMF component, 

the first six of which are depicted in Figs. 2.26a-f. These figures show quantitatively the 

temporal-frequency distribution of vibration characteristics in the ground motion 

recording. For example. Fig. 2.25 shows that the wave motion in time window 39-44 sec 

contains more high-frequency energy than do other windows, consistent with visual 

observation o f the original data in Fig. 2.4a. By carefully examining Figs. 2.26a-f, one 

sees that the higher the IMF components, the less the variation o f the corresponding 

Hilbert spectra or energy distribution in terms of frequency content. The full 

understanding o f the characteristics o f individual Hilbert spectra is a subject of  

continuing study. For now, there is the potential for significant quantitative measure o f a 

motion’s input energy to structural systems.

Hilbert Spectrum
4 0 --------------- 1--------------- 1--------------- 1--------------- 1--------------- 1---------------
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Figure 2.25 A contour plot o f total Hilbert spectrum of one recorded acceleration at YPT 
depicted in Figure 2.4a.
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at YPT.
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2.5 Conclusions

This chapter introduces the method of HHT for earthquake data analysis and its 

applications to near-source earthquake ground motion recordings, which reveals the 

following:

(1) The conventional techniques in earthquake data analysis are reviewed and found to 

be less suited for analyzing nonstationary earthquake recordings than is the method 

o f HHT.

(2) The decomposed components in EMD of HHT, namely the IMF components, 

contain more reliably observable, physical information inherent to the original data 

than do Fourier-based and wavelet components. The nonstationary IMF 

component is superior to the stationary Fourier component, and to the mother- 

wavelet-dependent component.

(3) The grouped IMF components, namely the EMD-based low- and high-frequency 

components, are capable of accurately capturing the LFPL as well as high- 

frequency wave signals in the original data. These components also capture the 

features of the response spectrum of the original data.

(4) The Hilbert spectra in HSA of HHT show the temporal-frequency energy 

distribution for earthquake recordings more precisely and clearly than wavelet 

spectra.
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CHAPTER III

HHT ANALYSIS OF 1999 KOCAELI EARTHQUAKE 

GROUND MOTIONS AND ITS IMPLICATIONS

The 1999 Kocaeli earthquake generated a large number of ground-motion 

recordings within 200 km of the fault rupture plane. The recorded ground motions are of 

added significance because the magnitude of the Kocaeli earthquake (M w = 7.4) is one 

of few earthquakes that have occurred in or near an urban area where substantial damage 

occurred to buildings and other civil works. Moreover, prior to the Kocaeli earthquake, 

there were less than 10 ground motion recordings for M w > 7.0 earthquakes at distances 

less than 20 km. The Kocaeli earthquake generated six recordings within 20 km of the 

fault, adding significantly to the near-field, large-magnitude database of ground motions. 

This chapter will use HHT method to analyze several significant near-field and far-field 

recordings, and study the appropriateness of LFPL wave signals extracted from 

acceleration compared with the ones from velocity records, and the features of EMD- 

based low frequency acceleration.

3.1 Kocaeli Earthquake Ground Motions

Approximately twenty-three stations recorded the main shock of the Kocaeli 

earthquake. These stations are administratered by the Kandilli Observatory and
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Earthquake Engineering Research Institute of Bogazici University (Kandilli), the 

Earthquake Research Institute of the General Directorate of Disaster Affairs (ERD), and 

Istanbul Technical University (ITU). Currently, nine recordings are available from 

Kandilli, ten recordings are available from ERD (within 200 km of the fault rupture), and 

four recordings are available from ITU. These stations are listed in Table 3.1, along with 

closest distance to the fault rupture plane, preliminary site classification, and amplitudes 

of original and EMD-based low frequency accelerations. The locations of the strong 

motion stations located within 100 km of the fault rupture plane are indicated in Figure 

3.1. Information of the stations and recordings was obtained from Raj the (2000).

Table 3.1 Strong-motion Recording Stations

Station Owner Distance
(km) Site Class NS (cm/s/s) 

Original
NS (cm/s/s) 
EMD-low

EW (cm/s/s) 
Original

EW (cm/s/s) 
EMD-low

Sakarya(SKR) ERD 3.3 Stiff Soil * * 407.04 134.09
Yarimca(YPT) Kandilli 4.4 Soft Soil 322.2 157.27 230.22 127.21

Izmit(IZT) ERD 7.7 Rock 171.17 123.66 224.91 125.38
Duzce(DZC) ERD 14.2 Soft Soil 314.88 292.47 373.76 217.16

Arcelik(ARC) Kandilli 17 Stiff Soil 211.36 54.52 133.67 58.93
Gebze(GBZ) ERD 17 Stiff Soil 264.82 219.62 141.45 119.75
Iznik(IZN) ERD 29.7 Soft Soil 91.89 91.72 123.32 122.86

Goynuk(GYN) ERD 35.5 Stiff Soil 137.69 76.89 117.9 87.91
Istanbul(IST) ERD 60.7 Stiff Soil * * 42.66 14.94

Meciditekoy(MCD) ITU 62.3
Shallow Stiff 

Soil 53.64 19.74 70.35 37.1
Yapi Kredi(YKP) Kandilli 62.6 Rock 41.08 19.54 35.52 8.28
Zeytinbumu(ZYT) ITU 63.1 Stiff Soil 119.59 94.5 109.21 48.04

Maslak(MSK) ITU 63.9 Rock 53.57 18.17 37.9 24.28
Fatih(FAT) Kandilli 64.5 Soft Soil 189.39 132.06 161.87 80.32
Bursa Sivil 

Savunma(BRS) ERD 66.6 Stiff Soil 54.32 23.05 45.81 34.01
Bursa Tofas 

F abrikas i(BUR) Kandilli 66.6 Soft Soil 100.89 34.98 100.04 65.4
Atakoy(ATK) ITU 67.5 Stiff Soil 102.44 48.94 168.43 63.6

Hava Alani(DHM) Kandilli 69.3 Stiff Soil 90.21 35.94 84.47 36.84
Cekmece(CNA) Kandilli 76.1 Stiff Soil 177.31 26.1 132.08 30.48
Ambarli Termik 

Santrali(ATS) Kandilli 78.9 Soft Soil 252.56 83.06 186.04 102.42
Botas(BTS) Kandilli 136.3 Stiff Soil 98.88 28.15 87.1 36.86

Kutahya(KUT) ERD 144.6 Soft Soil 50.05 18.1 59.66 23.75
Balikesir(BLK) ERD 183.4 Stiff Soil 17.76 6.05 18.19 7.99

* not available
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Figure 3.1 Location of Strong motion stations (from Rojthe, 2000)
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3.2. Representation and Meaning of LFPL Wave Signals

LFPL wave signals, which integrate important information in the ground motion 

such as the dominant low-frequency content, low-frequency peak amplitudes, as well as 

nonstationarity, are good representations of the original record for assessing potential 

structural damage. They are a better measure for damage to civil structures than 

individual ground motion parameters. However, how to best represent and describe the 

LFPL wave signal is still controversial. In chapter II, we used the EMD-low acceleration 

to represent the LFPL wave signals of the original acceleration record. Here, we use two 

near-field recordings from stations Sakarya and Yarimca, shown in Figs. 3.2 and 3.5 to 

justify the representation of the LFPL wave signals by the EMD-low accelerations. Note 

that EMD-low acceleration can be defined in different ways depending on how many 

IMF components are summed up. Here to be consistent with previous analysis, we define 

the EMD-low acceleration as the summation of all the IMF components of the original 

acceleration except the first three components. The summation of the first three IMF 

components is defined as the EMD-high acceleration. The peaks of EMD-low 

accelerations listed in Table 3.1 are also defined this way.

3.2.1 Velocity-based versus Acceleration-based Pulses

Fig. 3.2a shows the east-west acceleration recording of the 1999 Kocaeli Turkey 

Earthquake at SKR, 3.3 km from the surface rupture. The pertinent velocity recording in 

Fig. 3.2b, obtained by integrating the acceleration recording, reveals the LFPL wave 

signals which can be well approximated by the currently-used triangle-type single-pulse 

(e.g., Somerville, 1998; Alavi and Krawinkler, 2000; and Sasani and Bertero, 2000). 

Similarly, the LFPL wave signals in the north-south velocity recording at YPT (4.4 km 

from the fault) in Fig. 3.4b can also be well described by multiple triangles. While the 

triangle-type pulses do well at approximating the observed LFPL waves, they are neither
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directly nor closely related to the motion’s potential for structural damage. First, the 

LFPL waves observed and approximated as single or multiple pulses in velocity 

recordings represent indirect information on the true ground motion. Since velocity time 

histories are usually obtained from acceleration recordings, the waveform of velocity 

might be distorted by the data processing procedures. Second and more important, in 

structural dynamic analysis, the input forces to a structural system are proportional to the 

acceleration, not the velocity. Therefore, the above velocity-based LFPL waves are not 

closely related to the dynamic responses to the motion.

Figs 3.2c and 3.4c show the EMD-low accelerations, while Figs. 3.2d and 3.4d 

show the accelerations obtained by differentiating the triangle-type velocity pulses in 

Figs. 3.2b and 3.4b. Comparing these two sets of accelerations with the pertinent original 

acceleration recordings indicates that the EMD-based accelerations can capture the LFPL 

waves of the acceleration recordings better than the velocity-pulse-based accelerations. 

Moreover, the EMD-based components can catch the essential features of the LFPL 

waves inherent in the response spectrum of the original data. This can be seen in Figs3.2- 

3.5, where the response spectra of the EMD-low accelerations are much closer to the true 

response spectra o f the original recordings than to the velocity-pulse-based accelerations.

It is of interest to note that the LFPL waves defined in velocity have their 

seismological meanings. For example, the peak and period of the LFPL waves or their 

pulse-approximation in velocity are directly related to the earthquake magnitude, the rise 

time, and the shortest distance from the site to the fault {Somerville, 1998; and Alavi and 

Krawinkler, 2000). Nevertheless, we examine the LFPL wave representation here in 

terms of their impact on structural damage, not their cause with respect to seismic source 

parameters. Accordingly, the quantities related to the EMD-low acceleration (e.g., peak 

and the frequency content) are likely to be more appropriate indices of a recording’s 

impact on structural damage than others, such as peak ground velocity (PGV).
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3.2.2 Seismic Energy versus Seismic Energy Input to Structures

Since the velocity squared is proportional to energy, the larger the area of the LFPL 

waves or their pulse-approximation in the velocity recording, the larger the cumulative 

seismic energy. However, this energy is a measure of the ground motion itself, not a 

measure o f an input to a structural system. Following Chopra (1995), we explain it as 

follows. The governing equation of a SDOF structure is

mx + f d ( i)  + f r (x, x) = -m y  (3.1)

where m is the mass of the structure, x and y  are respectively the structural displacement 

relative to the ground and ground displacement, f d and f r are respectively the damping 

and restoring forces of the structure, and dot stands for the derivative with respect to 

time. Multiplying by dx and integrating from 0 to x in Eq. (3.1), we obtain
X X  X  X

^mxdx + J/rf (x)dx + J/r (x, x)dx = -  ̂ mÿdx (3.2a)
0 0 0 0

or

Ek (x) + Ed (x) + Ep (x, x) = Et (x) (3.2b)

where E  with subscripts k, d, p  and i denote respectively the kinetic, damping, potential 

and input energy. Eq. (3.2a) or (3.2b) indicates that the seismic energy input to a 

structural system is not proportional to velocity or its squared. Therefore, the area of 

LFPL waves or their approximation in velocity is not the proper measure o f seismic 

energy input to a structural system, although it is a proper measure of the energy released 

by the seismic source or earthquake intensity at a given location.

To demonstrate the above point, we calculate the area of the velocity pulses at SKR 

and YPT in Figs. 3.2b and 3.4b. The area of the original velocity pulses at SKR is 212.8 

cm, larger than 176.8 cm at YPT. Triangle pulses approximate original velocity pulses 

well. Their areas are 272.5 cm and 223.1 cm, respectively. This only implies that the 

seismic energy at SKR is larger than that at YPT, which is useful for seismological issues 

such as the seismic energy release from the source, energy attenuation in the earth, the
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amplification of seismic waves, and local soil conditions. It doesn’t mean that their 

impact on a structural system is proportional. As a matter of fact, the response spectra of 

these two recordings in Figs. 3.10 show that the recording at YPT has greater impact on 

most civil structures (period larger than 0.5 sec) than that at SKR, just the opposite o f the 

seismic energy measure in terms of velocity-pulse area.

We also calculate nonlinear structural responses to further clarify this point. We 

follow the example in Clough and Penzien (1993) to select the structural parameters

below: m=0.1 kips-sec2/in  (mass), c=0.2 kips-sec/in  (damping coefficient), ke=0.1

kips / in (elastic stiffness), kp=0 (plastic stiffness) at \ f r | > 6kips . Note that the elastic

stiffness in the above is different from Clough and Penzien (1993) for the purpose of 

creating a structure with elastic period of 1 sec. The time histories of acceleration, 

velocity and displacement responses, shown in Figs. 3.6a,b,c, indicate that the recording 

at YPT has larger responses in intermediate to low frequency range (velocity and 

displacement). This confirms our previous response spectral analysis. The time 

histories of responses to EMD-based and velocity-pulse-based accelerations in Figs. 

3.6b,c show that the EMD-based acceleration is much better at capturing the recording’s 

impact on structural damage than the velocity-pulse-based acceleration. This is also 

illustrated in Fig. 3.7 through the force-displacement relationship among the original 

recording, the EMD-based, and the velocity-pulse-based accelerations. The EMD-low 

accelerations produce much more similar time history of elastoplastic stiffness to that by 

the original record than the velocity-pulse-based accelerations.
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Figure 3.2 (a) Acceleration recording in east-west component at SKR, 3.3 km from the 
fault, (b) Velocity time history in a curve line by integrating once the acceleration in (a) 
and a triangle-pulse approximation in a straight line, (c) EMD-based low-frequency 
acceleration (i.e., excluding the first three IMF components), and (d) acceleration 
obtained by differentiating once the triangle-pulse velocity in (b).
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Figure 3.3 Linear response spectra of (a) acceleration, (b) velocity and (c) displacement 
with 5% damping using the data of original acceleration in Fig. 3.2a, EMD-based low- 
frequency acceleration in Fig. 3.2c, and velocity-based acceleration in Fig. 3.2d.
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Figure3.4 (a) Acceleration recording in north-south component at YPT, 4.4 km from the 
fault, (b) Velocity time history in a curve line by integrating once the acceleration in (a) 
and a triangle-pulse approximation in a straight line, (c) EMD-based low-frequency 
acceleration (i.e., excluding the first three IMF components), and (d) acceleration 
obtained by differentiating once the triangle-pulse velocity in (b).
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Figure 3.5 Linear response spectra of (a) acceleration, (b) velocity and (c) displacement 
with 5% damping using the data of original acceleration in Fig. 3.4a, EMD-based low- 
frequency acceleration in Fig. 3.4c, and velocity-based acceleration in Fig. 3.4d.
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based low-frequency components of recordings at YPT and SKR.
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Figure 3.7 Time histories of elasto-plastic stiffness due to (a) recording at SKR (shown 
in Fig. 3.2a), (b) EMD-based low-frequency component of recording at SKR (shown in 
Fig. 3.2c), (c) velocity-pulse-based acceleration at SKR (shown in Fig. 3.2d), (d) 
recording at YPT (shown in Fig. 3.4a), (e) EMD-based low-frequency component of 
recording at YPT (shown in Fig. 3.4c), and (f) velocity-pulse-based acceleration at YPT 
(shown in Fig. 3.4d).
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3.2.3 Summary

In conclusion, EMD-based low-frequency acceleration gives a good representation 

o f LFPL wave signals in the original acceleration record. It reproduces very similar linear 

and nonlinear responses as those of the original record. While velocity-pulse-based LFPL 

waves have some utility, they are very poor as inputs to a structural system.

3.3 Peak of EMD-based Low-frequency Acceleration

While the peak ground acceleration or PGA is widely used as a measure of ground 

motion intensity, it gives a fairly non-comprehensive, sometimes significantly distorted, 

measure of seismic impact on structures. Since peak acceleration is usually associated 

with a very high-frequency sharp spike in the record, which usually does not affect 

ordinary structures, effective peak accelerations are often used, such as EPA, EPV in 

ATC (ATC, 1978), root-mean-square acceleration or arms (Arias, 1970), and spectral 

intensity or SI (Housner, 1952) etc. However, they are all subjective. Since the EMD-low 

acceleration has the high frequency content removed in a special way and is a good 

representation of the original record for assessing potential structural damage, its peak 

might have more physical meaning. We select two pairs of the 1999 Kocaeli, Turkey 

earthquake recordings to illustrate this point. Together with the aid of these pairs, we 

also study the temporal-frequency seismic energy distribution.

The first pair of acceleration recordings, shown in Fig. 3-8a,c, are the near-field, 

east-west component at SKR and north-south component at YPT. Their distances to the 

broken fault are 3.3 and 4.4 km, respectively. While the PGA at SKR, 407 cm/s2, is 

much larger than 322 cm/s2 at YPT, their damage potential to most civil structures (with 

fundamental period larger than 0.5 sec) is just opposite to the PGA values (see Fig.3.10).
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This is due to the fact that the PGA at SKR is associated with more high-frequency 

content than that at YPT. Since the period of most civil structures ranges from 0.5 to 5 

sec or more (e.g., medium- to high-rise buildings or super-high buildings), these 

structures are likely affected more by PGA with dominant frequency of motion closer to 

the structural fundamental period. As shown in the last section, the EMD-low 

acceleration is able to capture truthfully the LFPL waves of the acceleration recordings as 

well as the essential features of the LFPL waves inherent in the response spectrum of the 

original data. Therefore, the PGA of EMD-low recording is a more appropriate measure 

o f the motion’s impact on structures in comparison with PGA of the recording.

As shown in Figs. 3-8b,d, the PGA of EMD-low recording at SKR is 134.1, smaller 

than 157.3 cm/s/s at YPT. This is consistent with the response spectra shown in Fig. 3.10 

(with period larger than 0.5 sec) and opposite to the measure of PGA of the recordings, 

indicating that the PGA of EMD-low recordings is well correlated to the motion’s impact 

on most civil structures.

To confirm above point, we analyze the second pair of recordings, i.e., 

Intermediate-field up-down components at ARC and IZN. Their distances to the fault are 

17 and 29.7 km, respectively. The vertical recordings are much less useful to seismic 

structural analysis and design than horizontal ones. Nevertheless, we analyze this pair to 

demonstrate that EMD-low recordings and their related quantities (e.g., PGA) are well 

correlated to structural responses. Shown in Fig. 3.11, the PGAs of these two recordings 

are very close (83.2 versus 83.3 cm/s/s). However, the PGA of the EMD-low recording at 

ARC is much smaller than that at IZN (36.82 versus 49.5 cm/s/s), since the PGA of the 

original recording is associated with high frequencies. Fig. 3.13 shows that IZN produces 

a larger response than ARC over the period range 0.5-2 sec, which is well correlated with 

the PGAs of the EMD-low recordings.
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By analyzing all these pairs of recording, we find that the PGA of EMD-low 

recordings are particularly consistent with the responses of structures with periods 

ranging from 0.5 to 2 sec, which are typical of most civil structures (e.g., intermediate- 

high buildings and standard bridges). While this observation needs further study by 

examining other ground motion data sets, the above analysis implies that the PGA of 

EMD-low recordings is more closely correlated with structural damage than other 

characteristic measures of ground motion such of PGA, PGV, LFPL waves in velocity. 

Accordingly, one is able to relate the PGA of the EMD-low recording to the major factor 

in the destruction of structural and geotechnical engineering systems in the 1999 Kocaeli 

Turkey Earthquake. Fig. 3.14 shows the attenuation relationship between the PGA of the 

original record, and EMD-low accelerations versus the distance to the fault trace. The 

data are fit using an exponential function instead of an empirical function form of PGA 

attenuation relationships. The PGAs of EMD-low accelerations have smaller scatter. 

New attenuation relationships might be produced using the PGA of EMD-low recordings.

Besides the response spectra, the Hilbert spectra of each pair of EMD-low 

recordings are also shown in Figs. 3.9, 3.11. The Hilbert spectrum describes the 

temporal-frequency seismic energy distribution of each EMD-low recording. Also shown 

are the corresponding marginal spectra (defined in equation 2.15) and Fourier spectra for 

comparison. The marginal spectrum tells us the accumulative energy at each 

instantaneous frequency, which is a different concept from Fourier spectrum even though 

their shapes are similar. It recovers relatively more low frequency content than the 

Fourier spectrum {Huang et al, 1998). We examined the marginal spectrum and found it 

is not well correlated with the response spectrum, but it provides a new view of 

earthquake ground motion. Its utility should be further explored in the future.
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Figure 3.8 (a) Acceleration recording in east-west component at SKR (stiff soil at 3.3 
km away from the fault), (b) EMD-based low-frequency acceleration o f (a), (c) 
Acceleration recording in north-south component at YPT (soft soil at 4.4 km away from 
the fault), and (d) EMD-based low-frequency acceleration of (c).
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Figure 3.9 (a) Hilbert Spectra of EMD-based low-frequency acceleration in east-west 
component at SKR (stiff soil at 3.3 km away from the fault), (b) Its marginal (in blue) 
and Fourier spectrum (in green), (c) Hilbert Spectra of EMD-based low-frequency 
acceleration in north-south component at YPT (soft soil at 4.4 km away from the fault), 
(d) Its marginal (in blue) and Fourier spectrum (in green).
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Figure 3.10 Comparison of velocity response spectra with 5% damping using the data of  
original and EMD-based low-frequency accelerations at SKR (stiff soil at 3.3 km away 
from the fault) and YPT (soft soil at 4.4 km away from the fault).

100

-100

S 0

ARC(ud): Original

(a)peak=-83.2 at 14.3s

10 20 

IZN(ud): Original

(c)peak=-82.3 at 5.85s

10 20 
Time(s)

ARC(ud): EMD-low

(b)peak=36.82 at 12.0s

IZN(ud): EMD-low

(d)peak=49.5 at 12.6s

10 20 
Time(s)

Figure 3.11 (a) Acceleration recording in up-down component at ARC (stiff soil at 17 
km away from the fault), (b) EMD-based low-frequency acceleration o f (a), (c) 
Acceleration recording in up-down component at IZN (soft soil at 29.7 km away from the 
fault), and (d) EMD-based low-frequency acceleration of (c).
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Figure 3.12(a) Hilbert Spectra o f EMD-based low-frequency acceleration in up-down 
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Figure 3.13 Comparison of velocity response spectra with 5% damping using the data of 
original and EMD-based low-frequency accelerations at ARC (stiff soil at 17 km away 
from the fault) and IZN (soft soil at 29.7 km away from the fault).
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3.4 Conclusions

This chapter investigates the applications of HHT method to earthquake 

engineering through analyzing the 1999 Kocaelie Turkey earthquake, which reveals the 

following:

(1) The EM D-low recordings extracted from acceleration records are more suitable 

to reflect the influences o f LFPL waves in structural dynamic responses.

(2) The best individual measure o f ground motion features that is most related to 

structural damage is the PGA of EM D-low recordings, not the PGA or PGV of  

original recordings.
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CHAPTER IV

APPLICATIONS TO THE NORTHRIDGE EARTHQUAKE 
SOUCE INVERSION

4.1 Introduction

As shown in the previous chapters, IMF components, based on the various intrinsic 

time scales of the system, contain more observable, physical information inherent to the 

original data than do Fourier-based and wavelet components. For seismic data, IMF 

components might reflect the wave characteristics inherent in the rupture process and/or 

the earth medium properties because they are extracted from seismic records that are the 

result o f a seismic source and propagation in the earth.

Based on this understanding, the strong ground motion records (acceleration) from 

the 1994 Northridge Earthquake are decomposed into IMF components, and the physical 

meaning of several major IMF components is studied. To validate the results, a simple 

forward problem is also investigated. The IMF components of simulated ground motions 

for a known source are inverted. First, the finite fault approach, which is used here, is 

reviewed in the following [Hartzell, 1989, 1990].
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4.2 Finite Fault Approach

Detailed mapping of spatial and temporal slip distributions o f large earthquakes is 

one of the principle goals of seismology. After the 1979 Imperial Valley Earthquake, the 

finite fault inversion method was developed to study the complexities o f larger 

earthquakes (e.g., Olson and Apsel [1982]; Hartzell and Heaton [1983]). During the past 

two decades, the methodology has been greatly improved. In the early work of Hartzell 

and Heaton [1983], the slip velocity was fixed or allowed to vary only slightly during the 

inversion. Attempts have been made to invert for both slip amplitude and rupture time 

(e.g., Beroza and Spudich [1988]) and more recently, global inversion methods were 

introduced, where the slip amplitude, rupture time, and rise time were determined 

simultaneously (e.g., Hartzell et al. [1996]; Yao and Ji [1998]).

In the finite-fault inversion method, the response of a finite fault at a station can be 

approached by summing the contributions of a regular gridwork of subfaults:
n m

u(t) = £ £ D vt[cos(Ayi) y X t,0 + s™{^k)Yl(Vjk,t)} * Sj„(,0 (4.1)
7=1 k=l

here, u(t) is the acceleration, velocity or displacement at an arbitrary station depending on 

the interest, y is they'th subfault along-strike, and k  is the Ath subfault down-dip. Djk and

XJk are the average dislocation amplitude and rake angle, respectively. The terms

Y)k(VjkJ )  and Ŷ k{Vjk,t) are the subfault Green’s functions for unit slip in the strike

direction and down dip direction, respectively. Vjk is the average rupture velocity

between the hypocenter and subfault jk. S  jk (t) is the rise time function, the time history 

of slip for a given point on the fault. We assume the rise time function has the same 

functional form for each subfault.

It is assumed that a subfault will not rupture until it is triggered. Each subfault 

Green’s function, YJk, is obtained by summing the responses o f point sources uniformly
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distributed over it. Every point source is delayed appropriately by the time that is equal to 

the shortest on-fault distance from the hypocenter divided by the average rupture velocity. 

The number of point sources used depends on the size of the subfaults and the highest 

frequency studied. Hence, the subfault Green’s functions include the travel-time 

difference due to the varying source-to-station positions and simulate the propagation of 

the rupture front across each subfault. Thus, all the subfaults separately include the 

correct directivity effects.

The observed records and the subfault synthetic records form an overdetermined 

system of linear equations:

Ax ^  b (4.2)

where A is the matrix of synthetics, b is the data vector, and x is the solution vector o f the 

subfault dislocation weights. Each column of A is composed of the synthetics, strung end 

to end, for a particular subfault and a particular mechanism (either strike slip or dip slip) 

for all the stations in the inversion. Similarly, b is formed by stringing all the observation 

records end to end. Thus each time point on each record is explicitly included in the 

inversion. The number of columns of A depends on the number of elements in x. The 

elements of x are the amounts of strike-slip and dip-slip dislocations to be applied to each 

subfault to fit the observations. This equation can be solved by linear least squares, but 

the solution is unstable. The instability arises because A is an ill-conditioned matrix, 

meaning that a small change in the data results in a large change in the solution. The 

problem is stabilized by appending linear constraints giving

x  « 0

I 0 J
S' is a matrix of smoothing constraints where the difference between the slips on adjacent 

subfaults is set equal to zero; M is a matrix of minimization constraints where the slip on 

each subfault is set equal to zero; ^  and A2 are linear weights, whose magnitudes

control the trade-off between satisfying the constraints and fitting the data. CJ1 is an a
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priori data covariance matrix. The solution vector x is solved for using a Householder 

reduction method that involves a positivity constraints on the solution [Lawson and 

Hanson, 1974]. Householder transformations avoid taking the product A TA,  which leads 

to a squaring of the singular values of the matrix and a loss of accuracy. For matrices 

with large dimensions, a sequential Householder technique is used where the matrix A is 

sequentially upper triangularized to reduce the matrix to a more manageable size.

Because full wave theory synthetics are used, the A matrix is not sparse, and sparse 

matrix techniques cannot be used. The nonnegative constraint is imposed not only 

because negative slip on the fault is physically undesirable but also because negative slips 

lead to destructive interference between subfaults and an unstable solution.

Smoothing stabilization has an obvious physical interpretation which works well 

with the way the fault plane is discretized. Each subfault has a starting and stopping 

phase associated with it. If large variations in dislocation are allowed between adjacent 

subfaults, the starting and stopping phases will be large and the data will be modeled as a 

linear combination of these phases. Since the starting and stopping phases in this case are 

an artifact of the parameterization of the problem and have nothing to do with the 

earthquake source, completely erroneous results may be obtained when too large a 

subfault is used. If  only a few large subfaults are used, there is not sufficient spatial 

resolution of fault details. Therefore, the approach used is to divide the fault into a large 

number of relatively small subfaults and then to apply smoothing constraints. The slip 

minimization constraint further stabilizes the problem by reducing the slip components, 

which interfere destructively and are not essential elements in the modeling of the data. 

The data covariance matrix, Cd , is diagonal and normalizes each data record to have 

peak amplitude of 1.0. Thus each record has more nearly an equal weight in the inversion. 

Without this normalization, a least squares norm would work harder to fit large- 

amplitude records. Such a scheme can give biased results when trying to invert for a 

three-dimensional slip pattern where good station coverage is important. If  a particular
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data record is known to be unreliable, its contribution to the solution can be easily 

reduced by adjusting the elements of Cd .

4.3 Applications to the Northridge Earthquake Source Inversion 

Data

A set of 35, two-horizontal-component, strong motion records forms the database in 

the inversion (Table 4.1), for a total 70 traces [Hartzell et al., 1996]. These records come 

from six different organizations: California Division of Mines and Geology (CDMG), U. 

S. Geological Survey (USGS), University of Southern California (USC), University of 

California at Santa Barbara (UCSB), Sourther California Edison (SCE), and Los Angles 

Department of Water and Power (LADWP) [Shakal et al., 1994, 1995; Porcella et al., 

1994; Trifunac et al., 1994]. The distribution of stations is shown in Figure 4.1. The 

coverage of the source is better than for any other previous moderate to large earthquake. 

No stations are used south of the Santa Monica Mountains in the Los Angeles basin 

because of the complex propagation paths to these stations [Gao et al., 1996]. The 

acceleration records are first corrected for the response of the instrument and then 

decomposed into IMF components. Normally, each record is decomposed into 8 or 9 

components. Figure 4.2 shows one original recording and its Fourier spectrum at station 

SCSI. This record’s IMF components and their spectra are shown in Figure 4.3a, b. Four 

components, c2-c5, are used in the inversion, since the first component has the highest 

frequencies that are most difficult to model, and all the other components have much 

smaller amplitudes. As one of its features, each IMF component has a different 

predominant frequency band (e.g. Figure 4.3b). We picked the frequency band for each 

component with most of the energy: 1-5 Hz for c2, 0.5-2.5Hz for c3, 0.3-1.5Hz for c4 and 

0.2-1 Hz for c5. Then these components are band-pass filtered with the respective 

frequency bands, and resampled at a time step of 0.05s. In addition, time-domain tapers 

are used in each component (see plots of waveform fits) to remove non-direct, scattered
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energy. The IMF components will be used here as the observation data, which is the 

major difference from what has been done in a typical finite-fault inversion.
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Figure 4.1 Map of strong motion stations (solid triangles) used in the inversion. The 
surface projection of the model fault plane (strike= 122°, dip= 40° S W) is indicated by the 
heavy box. The mainshock epicenter is given by the star. Approximate boundaries o f 
sedimentary basins are outlined (from Hartzell et aL, 1996).
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Table 4.1 Strong Motion Stations Used in the Inversion

Station

ARE

Location

Arleta, Nordhoff Avenue fire station

i^amuae,

34.236

Longitude, °W 

118.439

Owner*

CDMD

Rock/Soil

soil
CAS Castaic, Old Ridge Route 34.564 118.642 CDNG Rock
ECC Energy Control Center 34.259 118.336 LADWP rock
ENR Encino, Encino Reservoir Dam 34.149 118.515 LADWP Rock
JFP Jensen Filtration Plant, administration 34.312 118.496 USGS Soil

MNG
building 

Monte Nido, fire station 34.078 118.693 USGS Rock
MOR Moorpark 34.288 118.881 CDMG Soil
NHL Newhall, Los Angeles County Fire 34.387 118.530 CDMG Soil

NH20
Department 

North Hollywood, 20-story hotel 34.138 118.539 CDMG Soil
PARD Santa Clarita, Pardee substation 34.435 118.582 SCE Soil
PDM Pacoima Dam, downstream 34.334 118.396 CDMG Rock
PIRU Lake Pirn, Santa Felicia Dam 34.460 118.753 CDMG Rock
PKC Pacoima, Kagel Canyon fire station 34.288 118.375 CDMG Rock
RRS Sylmar, Rinaldi Receiving Station 34.281 118.479 LADWP Soil
RSE San Ferando, Receiving Station East 34.176 118.360 LADWP Soil
se e Sepulveda Canyon 34.097 118.475 USGS Rock
SCR Stone Canyon, reservoir site 34.106 118.454 UCSB Rock
SCS Sylmar, converting station east 34.312 118.481 LADWP Rock
SCSI Sylmar, converting station west 34.311 118.490 LADWP Soil
SHR Sherman Oaks, 13-story commercial 34.154 118.465 CDMG Soil

SSU
Building

Santa Susan a, Department of Energy 34.231 118.713 UCGS Rock

SVA
ground site 

Sepulveda, Veterans Administration 34.249 118.175 USGS Soil

SYL
hospital

Sylmar, county hospital parking lot 34.326 118.444 CDMG Soil
TPG Topanga, fire station 34.084 118.599 USGS Rock
U03 Northridge, 17645 Saticoy 34.209 118.517 USC Soil
U06 Sun Valley, 13248 Rosocoe 34.221 118.421 USC Soil
U17 Los Angeles, 8510 Wonderland 34.114 118.380 USC Soil
U34 Los Angeles, 3036 Fletcher 34.115 118.244 USC Soil
U53 Canoga Park, 7769 Topanga Canyon 34.212 118.605 USC rock
U55 Simi Valley, 6334 Katherine 34.264 118.666 USC Soil
U56 Newhall, 26835 W. Pico Canyon 34.391 118.622 USC Rock
U57 Canyon Country, 16628 W. Lost 34.419 118.426 USC Soil

VNY
Canyon 

Van Nuys, 7-story hotel 34.221 118.471 CDMG Soil
VSQZ Vasquez Rocks Park 34.490 118.320 CDMG Rock
WOOD Wood Ranch Dam 34.240 118.820 CDMG Rock

* CDMG, California Division of Mines and Geology; LADWP, Los Angeles Department of Water and 
Power; SCE, Southern California Edison; UCSB, University of California at Santa Barbara; USC, 
University of Southern California; USGS, U. S. Geological Survey
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Figure 4.2 One recorded ground motion at station SCSI in the 1994 Northridge 
earthquake and its Fourier spectrum.
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Figure 4.3 (a) IMF components of one ground motion at station SCSI shown in Fig. 4.2a, 
(b) Fourier spectra of IMF components at station SCSI shown in Fig. 4.3a
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Method

The response of a layered half-space is calculated using the discrete- 

wavenumber/finite element method of Olson et al. [1984]. We use two different velocity 

models (Table 4.2), one for rock sites and the other with slower surface velocities for soil 

sites [Hartzell, et al., 1996]. Synthetics are calculated for the frequency band 0 to 5 Hz 

and then band-pass filtered in the same manner as the IMF components using the 

respective frequency bands.

The same fault model as Hartzell et ah, [1996] with a strike of 122° and dip o f 40° 

to the southwest (Figure 4.4) is used. The fault plane measures 20 km in length and 

extends from a depth of 5 km to 21 km for a downdip width of 24.89 km. The fault is 

discretized into 14x14 = 196 subfaults (dimensions 1.43 km by 1.78 km). The response 

of each subfault is obtained by summing point source synthetics, 48 for each subfault. 

Each point source response is lagged according to the rupture velocity and the travel time 

to the respective strong-motion stations to simulate a propagating rupture. The 

hypocenter is given by the local network determination of 34.21 \° N , 118.546° IT , at a 

depth of 17.5 km [Wald et ah, 1996]. Many of the strong motion records do not have 

trigger time information. For these stations the synthetic shear wave from the hypocenter 

is aligned with the first impulsive S wave in the original acceleration record. And the 

same timing is used for all the components.
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Table 4.2. Velocity Structures

Vp, v s . Density, Thickness,
km/s km/s g/cm km

Rock site
1.9 1.0 2.1 0.5
4.0 2.0 2.4 1.0
4.7 2.7 2.6 2.5
6.3 3.6 2.8 23.0
6.8 3.9 2.9 13.0
7.8 4.5 3.3

Soil site
0.8 0.3 1.7 0.1
1.2 0.5 1.8 0.2
1.9 1.0 2.1 0.2
4.0 2.0 2.4 1.0
4.7 2.7 2.6 2.5
6.3 3.6 2.8 23.0
6.8 3.9 2.9 13.0
7.8 4.5 3.3

A global search algorithm could be used for this problem, but the linear, least- 

square method is more appropriate because the formulation is linear. Linear, least-squares 

is less time consuming, and also gave quite similar results to the nonlinear global search 

results for the Northridge source inversion [Hartzell et al., 1996]. The rupture velocity is 

fixed at 2.8 km/s, and each subfault is allowed to slip within 3 separate time windows.

The first time window initiates at the arrival of the rupture front and the following two 

time windows are delayed by 0.4s and 0.8s, respectively. The far-field source-time 

function for each time window is a triangle with 0.6s duration (e.g., Figure 4.5a) except 

for the c2 component. The source-time function for the c2 component is a Brune function 

with 7 = 10 (see Figure 4.5b). The function form for Brune source-time function is

y  = — to"" (4.4)
max(te ^)

. The reason for making this selection of source-time function will be shown in the 

following section. The rake of each subfault is determined by the vector sum of the slip
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weights obtained by the inversion for the two model values of 55° and 145°. Thus the 

rake may vary between these two bounds, and each subfault has a total of six model 

parameters (two slip values in each of three time windows).

DISTANCE ALONG N122*E STRIKE (KM)
20.0

5.0

17.5

0 .0

21 .0

Figure 4.4 Parameterization of the fault plane. The hypocenter ( 34.211° N ,118.546° W , 
17.5km depth) is indicated by a star.
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Figure 4.5 Plots o f (a) triangle source-time function and (b) brune source-time function 
with 7 = 10 .

Results

Figures 4.6, 4.8, 4.10, 4.12 show the results for the IMF components c2, c3, c4, c5. 

The moments are 2.5x 1026 dyn cm, 2.15x 1026 dyn cm, 1.37 x 1026 dyn cm,

0.94 x 1026 dyn cm, respectively. Note that the seismic moment is defined as M0 = juuA , 

where // is the shear modulus of the rock, u is the average slip, and A is the slip area.

The seismic moment for the earthquake is around 0.9 -  2.0 x 1026 dyn cm. Each of IMF 

components is able to give the approximately correct moment, except the c2 component. 

The reason could be the soil amplification factor. In the calculation o f the Green’s 

functions, a higher velocity value was used for the top soil layer in the velocity structure 

than is known to exist. If the correct value is used, an amplification factor of 2 is obtained 

for vertically propagating SH waves around 1-5 Hz. Taking this into account, the c2 

component also gives about the right moment. The larger surface shear-wave velocity 

was used to facilitate the calculation of the Green’s functions. Plots for the waveform fits
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are shown in Figures 4.7, 4.9, 4.11 and 4.13. For comparison, the global search results 

using the original velocity records are shown in Figure 4.14 from Hartzell et al. [1996]. 

Basically, four regions of larger amplitude slip are identified: one for the hypocenter at a 

depth of 17 km (SI), a second west of the hypocenter at about the same depth (S3), a 

third updip from the hypocenter at a depth of 10 km (S2), and a fourth updip from the 

hypocenter and to the northwest (S4). The results further show an initial fast rupture with 

velocities of 2.0 to 2.5 km/s. The initial energetic rupture phase lasts for 3s, extending out 

10 km from the hypocenter. Slip near the hypocenter has a short rise time of 0.5s, which 

increased to 1.5s for the major slip areas removed from the hypocentral region. 

Furthermore, by an inversion of acceleration envelopes [Hartzell et al., 1996], the 

energetic rupture phase is also shown to be the primary source of high frequency 

radiation (1-15 Hz).

Given the above findings, it is clear that the results for the IMF component 

inversions are consistent with this rupture history. Rise time, which characterizes the time 

taken for the offset at a particular point on the fault to reach its final value, is an 

important parameter in earthquake source studies. The shorter the rise time, the more 

high frequency content will be generated. The c2 component has the highest frequency 

content among the components we used. It resolves the hypocenter (source SI), the main 

high frequency source experiencing a large stress drop with the initiation of the 

earthquake. This observation is why the Brune source-time function was used instead of 

the triangle source-time function for the c2 component. The Brune function has a sharper 

peak so that it can resolve high frequency features better. In the global search results, the 

rise time shows a general trend toward longer durations moving away from the 

hypocenter. We can see this same phenomenon in Figures 4.6, 4.8, 4.10, and 4.12 too.

The rupture grows out to the northwest from the hypocenter with the IMF components 

changing from c2 to c5, which corresponds to radiation of more long-period signal as the 

rupture propagates. The high slip amplitude regions in these Figures are also 

approximately located at the locations identified (SI, S2, S3 and S4) in the global search 

results.
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Since time scales buried in the data set are the most important parameters of the 

system and each IMF component represents a different time scale, a clear picture is seen. 

Once the rupture initiated, many different waves are radiated as the rupture propagates. 

All these waves have their own important features, or time scales. They constitute the 

complicated recorded ground motion arriving at the stations and all the time scale 

information is mixed. Fortunately, this information can be recovered by the HMD and a 

general picture of the entire rupture process can be recovered. Therefore, the time scale in 

each IMF component can be related to a physical process. In this particular earthquake 

source study, it is able to resolve the whole rupture process well.
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Figure 4.6 Slip amplitudes for IMF component c2
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WOOD

Figure 4.9 Comparisons of IMF component c3 (solid lines) with the synthetics (dashed 
lines) for the least-square inversion (Figure 4.8). Data and synthetics are plotted on the 
same vertical scales. Peak amplitudes of the data record in cm/s/s are given for each 
trace.
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Figure 4.10 Slip amplitude of IMF component c4
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4.4 Test Example and Discussions

To validate the Northridge results, we also did a small test example. In this 

example, the same fault plane and velocity structures as the Northridge inversion are 

used. We assign slip to occur only on two rectangle asperities, A and B in Figure 4.15. 

Asperity A is deep, and has a slip 1. Asperity B is shallower, and has a slip 4. The source-
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time function for asperity A is a Brune function with y = 10 , and Brune function with 

y = 3 is used for asperity B (Figure 4.16).

We generate 70 horizontal ground motion records for the 35 stations. Figure 4.17 

shows the simulated ground motions from asperity A, asperity B and the whole fault 

(A+B) at station VSP. Due to the differences in propagation and rise time, the waveforms 

generated from the two patches are quite different. The response generated from asperity 

A has more high frequency energy and arrives earlier; that from the asperity B has more 

lower frequency signal and arrives later.
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Figure 4.15 Sources used in the forward model
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We used the first four components of each record in the inversion and band-pass 

filtered them with the frequency bands: 2-5Hz for c l; l-5Hz for c2; 0.5-2 Hz for c3 and 

0.2-1 Hz for c4. After performing the same procedures as in the Northridge data inversion, 

except for using the rise time information from the forward model, we get the results 

shown in Figure 4.19.

Basically, each IMF component recovers both sources. For this test case the results 

are somewhat different than expected. However, the source model used might not be a 

realistic test of an actual earthquake rupture. It does not generate the signal with enough 

different time scale information. So we cannot separate these two sources. It is still 

gratifying that each IMF component can find both sources.
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Figure 4.19 Slip amplitudes o f the IMF components c l ,  c2, c3 and c4 with the location 
of given sources indicating with white boxes.

By doing this small test example, we found one deficiency o f the HHT method. 

There is no general mathematical expression for the HMD decomposition. Furthermore, 

the IMF components do not have nice linear properties that Fourier and wavelet methods
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have. For example, the IMF component of the sum of two signals is not equal to the sum 

of the IMF components o f the individual signals. For this reason, we cannot decompose 

the synthetics in the same way as we decompose the observation data. Both sides of 

equation (4.2) are therefore on a different base, which means the seismic moment for 

each IMF component cannot be used in the traditional fashion. Because of this nonlinear 

property, we cannot use the HHT method to invert for the entire earthquake source 

simultaneously, as can be done with wavelets in both the time and frequency domain. 

However, the physical meaning of each IMF component corresponding to an aspect of 

the rupture process is still a valid analysis.

4.5 Conclusions

Some initial work on the application of the HHT method in earthquake source 

studies is shown in this chapter. We have shown the physical meaning of IMF 

components in the Northridge earthquake rupture process. With time scale information, 

each IMF component has a physical interpretation. It is able to resolve the rupture 

process well, which justifies the use of the HHT method in analyzing seismic data.



91

CHAPTER V

CONCLUSIONS AND REMARKS

5.1 Conclusions

Comprehensive HHT analysis of earthquake recordings is considered in this thesis. 

By comparing with conventional Fourier and Wavelet methods, the HHT method shows a 

great advantage in analyzing nonstationary data series. The ground motions from the 

1999 Kocaeli Turkey earthquake and 1994 Northridge earthquake are analyzed using this 

method and following conclusions are obtained:

(1) The conventional techniques are less suited for analyzing nonstationary 

earthquake recordings than the HHT method.

(2) The grouped IMF components, namely the EMD-based low- and high- frequency 

components, are capable of accurately capturing the LFPL as well as high- 

frequency wave signals in the original data. The EMD-low component extracted 

from acceleration records is more suitable for accurately representing the 

influences of LFPL waves in structural dynamic response.

(3) The best individual measure of ground motion features that is most related to 

structural damage is the PGA of EMD-low recording, not the PGA or PGV of the 

original recording.
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(4) The Hilbert spectra in HS A of HHT show the temporal-frequency energy 

distribution for earthquake recordings more precisely and clearly than wavelet 

spectra.

(5) With time scale information, IMF components have physical meanings. In the 

particular Northridge earthquake study, they are able to resolve the entire rupture 

process, which justifies the HHT method in analyzing earthquake recordings.

5.2 Future Studies

There is a great potential of applying this method to analyze earthquake recordings.

Future studies might exist in the following areas:

(1) As discussed in chapter IV, the main weakness of the HHT method is the lack of a 

general mathematical expression for the EMD decomposition. Furthermore, the 

IMF components do not have the linear property. For this reason, in the finite 

fault inversion algorithms, the synthetics cannot be decomposed in the same way 

as the observation data is decomposed. How to get over these difficulties is one 

big topic of future research.

(2) The physical meanings of Hilbert (or marginal) spectra o f earthquake recordings 

and a particular single IMF component could be investigated. How to use it in 

design practice could be further explored.

(3) The PGA of the EMD-based low frequency records is found to be a good 

individual measure of ground motion features that is most related to structural 

damage. New attenuation relationship could be further formulated based on this 

parameter.
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