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Power Spectrum Density of Wavelet (PSDW) Technique for In Siru
Measurement of Soil Attenuation Factor

Sri Atmaja P. Rosyidi
Department of Civil Engineering, Universitas Muhammadiyah Yogyakarta, Indonesia

E-mail : atmaj a ; ri@umy. a c. id

ABSTRACT: The attenuation factor is one of important parameters used for determining the effects of vibration, from earthquake,
machine vibration, and kemors, on the affected soil site. Many studies have been also carried out for determining the attenuation fac-
tor and damping behavior. Empirical correlations between the damping ratio in terms of attenuation and the amount of radiated ener-
gy compared to the frequency of vibration and type of soil have also been continuously investigated. The aim of this paper is to in-
troduce a new approach of the power spectrum density of wavelet (PSDW) analysis of seismic waves to determine the attenuation
factor on the soil structures. The attenuation factor is measured from the radiation ofseismic wave propagation on the sub-surface.
This method improves a coulmon used attenuation analysis using Fourier analysis as a basis of calculation. Fourier analysis has a
lack ofaccurate identification for certain characteristic features occur in a waveforni. fu Fourier basis functions are localized in fre-
quency but not in time base. The results show that by using PSDW technique, the time-frequency of wavelet density spectrum is able
to increase flexibility as both taditional time and frequency domain systdm identification approaches can be exploited to examine
nonlinear seismic events in the attenuation analysis. An empirical correlation of frequency-independent attenuation factor was ob-
tained from the PSDW analysis. Good agreement was also found between the values of the soil attenuation obtained in this study
compared to tlat ofother researchers.

Ksywords: wavelet; power spectrum density; attenuation

I INTRODUCTION

Soil attenuation is one of important parameters in
geo-earthquake engineering problems associated with
dynamic loading at low to moderate-strain levels, e.g.,
ground amplification during earthquake (Vucetic & Do-
bry, 1991). The attenuation parameter of soil can be ei-
ther determined from the radiation and material damping
of the soil structure. Attenuation in soil dynamics is a
phenomenon that involves the interaction of several me-
chanisms that contributed to the energy dissipation of the
seismic wave during dynamic excitation (Rix et a1.,

2000). The parameter can be in situ evaluated by using
seismic methods, i.e., measurement of wave velocities
propagating through soil medium. The spectral analysis
of surface wave (SASW) is one of common seismic
techniques used for this purpose. Much of the basis of
the theoretical and analytical work of this method for soil
rnvestigation has been developed. Current developments
of the SASW method can be found in Rosyidi (2009).

Many in situ and laboratory tests have been used to
evaluate attenuation parameter. Rix et al. (2000) investi-
gated surface wave measurements to determine the atten-
uation and damping ratio of a layered soil deposit. In
rheir studies, an attenuation curve was constructed from
the observed spatial attenuation of Rayleigh wave ampli-
tudes and then was inverted to obtain the material shear

damping ratio. However, seismic data used in surface
wave analysis are non-stationary in nature i.e. varying
requency content in time. Fourier transform that usually

used by many researchers in seismic measurements
works by expressing any arbitary periodic function of
time with period as sum a set of sinusoidal, thus some in-
formation of non-stationary seismic data in analysis
maybe lost. In addition, the inability of conventional
Fourier analysis to preserve the time dependence and de-
scribe the evolutionary spectral characteristics of non-
stationary processes require tools which allow time and
frequency localization beyond customary Fourier analy-
sis. Wavelet analysis is becoming a common tool for
analyztnglocalized variations of power within a time se-
ries. By decomposing a time series into time-frequency
spectrum (TFW), one is able to determine both the domi-
nant modes of variability and how those modes vary in
time. The wavelet analysis has been used in numerous
studies in geotechnical investigation, i.e., in situ shear

modulus (Rosyidi, 2009), phase velocity of soil struc-
tures (Kim & Park, 2002), soil damping ratio (Rosyidi &
Taha,2012).

The objective ofthis paper is to present the novel ap-
proach of the power spectrum density of wavelet
(PSDW) analysis of seismic waves based on mother
wavelet of Morlet used to evaluate in-situ attenuation
factor of soil structures. Result and its application from
freld study carried out at unsatured soft soil site are also
presented.
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where, se is smallest resolvable scale : 26, ,d, is time
spacing, and-Iis largest scale.

3. Convert the scale dependent wavelet energy spectrum
(scalogram) or power spectrum density of the signal
to a frequency dependent wavelet energy spectrogram
in order to compare directly with Fourier energy spec-
trum.

4. Perform the CWT filtration on the wavelet spectro-
gram by obtaining the time and frequency localization
thresholds. In this study, the CWT filtration was de-
veloped by a simple truncation filter concept which
only considers the passband and stopband. Threshold
values in time and frequency domain are then set as
the filter values between passband and stopband. It
allows a sqriight filtering in each of the dimensions of
times, freciuEncies and spectral energy. The noisy or
unnecessary signals can be eliminated by zeroing the
spectrum energy and consequently, they are fully
removed when reconstructing the time domain signal.
Thus, the interested spectrum of signals are to be
passed when the spectrum energy is maintained in
original value. A design of the CWT filtration is
proposed by Rosyidi (2009).

5. Reconstruct the time series of seismic trace using
equation 3 and generate the power spectrum density
ofwavelet or spectrogram from denoised signals.

6. Generate PSDW ratio from both signals as experi-
mental power spectrum ratio versus frequency using
the linear regression.

7. Generate the theoretical regression of pSDW ratio
versus frequency using following equation (Rosyidi &
Taha,2012):

r=6i-1"-,[?.J

,"lr+Y-4] =,,][,+]' c(R) c(1),((R)i
lwf (o.r\ ) l\ n,, \ / - \- ' -' \" 1)

-a(y)(n,- n,)

,"lYtkil=o-,17;1*;
lwi'@.r) )

(12)

(13)

Figure 2. Flow chart of CWT Filtering procedure.

2. Develop the wavelet scalogram by implementing the
wavelet transform (equation 2) using computed con-
volution of the seismic trace with a scaled wavelet
dictionary. Wavelet scale is calculated as fractional
power of 2 using the formulation (Torrence &
Compo, 1998):

s j = so2i6t ,j:0,1,, ...,J

where, R7 and R2 are geophones distance from the
sources (if using two geophones), G(R) is geometric
spreading factor, G(I) is instrumentation correction
factor and K(R) is correction for refracted and trans-
mitted waves, cr is independent frequency-attenuation
factor.

8. Finally, by rnatching the data of theoretical to the er-
perimental regression line, the attenuation factor of
soil structures can be obtained. By repeating the pro-
cedure outlined above the attenuation factor corre-
sponding to each wavelength is subsequentlr- sener-
ated.

The original signal,f(t), in time do-
main from SASW test

Selecting the wavelet function and
setting up the scale, s

Computing the wavelet transform
and developing the scalogram in the
frequency (scale) and time domain.

Setting up filtering thresholds of
continuous wavelet transfer filtration

on the wavelet scalogram

Exponential regression analysis for
power spectrum ratio CWT

Experimental re-
gression of power
spectrum versus

frequency

Theoretical regres-
sion ofpower spec-

trum versus fre-
quency

Matching process (iteration) be-
tween theoretical and experimental

RMS error
< 0.5

Attenuation factor of soil (indepen-
dent frequency)
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Figure 5. Fourier amplitude fromboth signals.

There are two primary ways to set the thresholds for
wavelet filtering. The first is to define a region of time-
frequency space. This is primarily used to isolate and re-
construct sigrral components. The time and frequency
fields define limits in spectrogram filtering. In this study,
the frequency range of noise signal was set as threshold
of wavelet filtering. It means that the noise signals are
removed from the spectrogram and only seismic wave
signals of interested exist. The inverse wavelet trans-
form then give back a denoised seismic sigrral. The
power spectrum density of wavelet or spectrogram for
both denoising signals is shown in Figure 6.

The spectrum fange of the seismic waves of interest
was found in the range of 5 to 30 Hz and 5 to 35 Hz for
signals recorded on channel I and2, respectively. The
energy attenuation is also visibly identified from both
spectnrms.
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(b)' Signal from channel 2

Figure 6. Power spectrum density of wavelet or spectrogmm
from both denoised signals.

3.3 Attenuqtion Analysis based on Power Spectrum
Density " ,'

From Figure 6, an experimental data trend of power
spectrum ratio between both signals from logarithmic
natural (LN) function of spectrogram (w2) over the first
signal magnitude (w) versus frequency can be obtained.
This ratio represents as the decay factor curve of fre-
quency dependency from the R-wave motion (Figure 7).
A simple linear regression analysis is subsequently per-
formed on the experimental data of decay factor curve.
The experimental regression equation is produced as:

_...11e48

(14)

y = -0.0244x+ 2.3025

R2 = 0.5425

010203040
Frequancy (Hz)

Figure 7. Regression analysis of attenuation coefficient of the

soil from power specfium density of waveiet (Figure 6).

The theoretical regression analysis of attenuation de-

rived from Eq. 13 can then be written as:
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agreement and falls into the classification of soft soil
attenuation by Woods and Jedele (i g85).

Thus, it is shown that the characterization of the
physical pro$erties of the soil dynamics in terms of at-
tenuation coefficient can be satisfactory obtained using
the PSDW method. In addition, this method has the
advantage of being fast, economical and non-
destructive,
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