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1. Introduction
The surface wave measurement is one of in-situ seismic methods based on the dispersion of
Rayleigh waves (R-waves) which is used to determine dynamic soil properties, i.e., the shear
wave velocity (VS), shear modulus (G), damping ratio (D) and depth of each layer of the soil
profile. Much of the basis of the theoretical and analytical work of this method for soil
investigation has also been developed (Stokoe et al., 1994). Seismic data used in surface
wave analysis are non-stationary in nature, i.e., varying frequency content in time.
Especially in the low frequency range measurement, i.e., in soft soil deposit, the interested
frequency of surface wave can be relatively low, i.e., less than 20 Hz. In these frequency
values, the noisy signals from the natural or man-made sources may disturb the identical
frequency level of the surface wave signals generated from the source. Therefore, a timefrequency decomposition of a seismic signal is needed to obtain the correct information of
phase spectrum generated from signal transformation. In most of surface wave methods, the
data analysis from time to frequency domain has been carried out by using Fourier
transformation. However, some information of non-stationary seismic data in analysis
maybe lost due to any arbitrary periodic function of time with period which is expressed as
sum a set of sinusoidal in Fourier transform. The Fourier analysis is unable to preserve the
time dependence. In addition, it also can not describe the evolutionary spectral
characteristics of non-stationary processes. Thus, a new tool, i.e., wavelet analysis is
required which allows time and frequency localization of the signals in the surface wave
measurement beyond customary Fourier analysis.
Based on processing signal data at different scales or resolutions, wavelet analysis is
becoming an important tool for identifying and analyzing localized variations of signal
power, particularly it is well-suited for approximating data with sharp discontinuities
within a time series. By decomposing a time series into time-frequency spectrum (TFW), one
is able to determine both the dominant modes of variability and how those modes vary in
time. The wavelet transform has been used in numerous studies, i.e., Meyers et al. (1993),
Liu (1994), Weng & Lau (1994), Wang & Wang (1996) for climate and meteorological studies,
Foufoula-Georgiou and Kumar (1995), Capilla (2006), Rosyidi et al. (2009) for geophysics,
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and Chik et al. (2009) and Rosyidi (2011) for civil engineering applications, respectively.
Theoretical aspect of wavelets is given in many essential literatures such as Daubechies
(1992), Mallat (1999), Soman and Ramachandran (2005). From their studies, the wavelet
analysis has been successfully proven as an interactive technique for analyzing the
waveforms and non-stationary characteristic of generated seismic signals from the surface
wave measurements. Capilla (2006) used Haar wavelet transform application on the
detection of micoseismic signal arrival. The results showed that the seismic series is able to
be derived from an ensemble of subprocesses operating at characteristic scales and with
time dependent variability from the wavelet approach where the discontinuous Haar
wavelet decomposition shows the capability for efficiently extracting and locating emphasis
the higher frequency in time sudden transitions associated with the transient events. Rosyidi
et al. (2009) also conducted the study on the identification and reconstruction of the wave
response spectrum from seismic surface wave propagation on a Malaysian residual soil
using time-frequency analysis of the continuous wavelet transforms. Their results showed
that the wavelet analysis is useful in spectral analysis, time-frequency decomposition for the
identification of transient events in non-stationary signal and filtering of noisy signals in
seismic surface waves records. In surface wave measurements, the application of wavelet
analysis has been started by Kim and Park (2002) who used a harmonic wavelet transform
for determining dispersion curve in the spectral analysis of surface wave (SASW) method.
Their results showed that a new procedure based on wavelet transform was proposed for
calculating the phase and group velocities at each frequency independent of remaining
frequency components using the information around the time at which the signal energy.
The method was also less affected by noise and near field effect than the phase unwrapping
method that used as a common procedure in the surface wave measurement. Kritski et al.
(2007) proposed a mathematical model to establish a relationship between the continuous
wavelet transform of a signal and its propagated counterpart in a dispersive and attenuating
medium. Their results showed that the wavelet model is able to estimate both phase and
group velocities, as well as the attenuation coefficient. In addition, Shokouhi et al. (2003)
explained the advantages of the wavelet approach in the SASW measurement, i.e., detection
and characterization of cavities and objects buried in the ground and characterization of
layer interfaces, with respect to layer dipping and abrupt interface changes.
The aim of this research is to improve the capability of in-situ surface wave measurement by
developing the wavelet spectrogram analysis of surface waves (WSASW) technique for
measurement of the soil dynamic properties, i.e., the shear wave velocity, shear modulus,
and damping ratio at soft marine clay soils sites. This technique has capability to
reconstructed spectrograms of noisy seismic waves and produces the enhanced phase data
to develop the phase velocity dispersion curve. In soft soil site, the environmental noises are
dominant in the recorded seismic signals due to the wave frequency of interest are identical
to the frequency level of noisy signals. Therefore, the time-frequency wavelet spectrum is
employed to localise the interested response spectrum of surface waves. A filtration
procedure is also proposed in order to remove the noisy signals from the seismic records
which were captured during field measurement.
In this research, a test site at Radio Televsyen Malaysia (RTM), Kelang, Malaysia was
selected as location of measurement (Fig. 1). The site is a fairly flat open paddy field and an
on going construction was seen about 500 m away from the site. The site is generally an
original ground and the soil mass is mainly of greyish clay. The regional geology of the site
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has been classified as recent quaternary of dominantly alluvial deposits of soft marine clay
with traces of organics. The soil descriptions from the two boreholes at the location have
also shown that the soil type found were quite similar with the geology classification, i.e.,
greyish clay with decayed wood at most of the soil layers of the subsoil stratum (Fig. 2).
Site map of borehole (BH) locations and surface wave
measurement set up
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book/index.html

1

2

3

4

5

Surface wave measurement
Borehole
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2. Research method
In the proposed WSASW technique, there are four main stages as described in the following
sections.
2.1 Field measurement
In this study, the seismic signal data were collected by using the SASW field measurement
set up. There are three important set ups in the SASW measurement for soft soil location,
i.e., adequate wave frequencies produced from the various impact sources, capability of
receivers or geophones to receive the interested frequency and the appropriate acquisition
unit or spectrum analyser used in the measurement. A set of impact hammer sources of
various frequencies was used to generate R waves on the soil surface. The propagation of
the waves were detected using two receiving geophones and the analog signals were then
transmitted to a spectrum analyser which consisted of acquisition box and transferred
digitally to a notebook computer (Fig. 3).
Sledge hammers of 8 and 12 kg were used as transient impact sources in the SASW
measurement. One of advantages using an impact (transient) source is to generate and
measure a broad range of frequencies simultaneously. However, the frequency content is
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often limited and it is also important to realise that different transient sources generate
energy over different frequency ranges. Prior to the experiments, a pilot study on frequency
range test on transient hammers used in this study was carried out. The hammer generated
surface waves over different frequency range with adequate amplitude and they were able
to be detected by the receiver. For a typical soil deposit, the highest frequency necessary is in
the order of 200 to 800 Hz (Nazarian, 1984). Therefore, the selected sledge hammers in this
research are appropriate to be used for sampling the soft soil layer up to approximately 5
meter of depth.
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Fig. 2. Borehole data of BH3 and BH4 from location of study (Fig. 1)
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Fig. 3. SASW measurement setup applied on the soil sites
Vertical geophones of 1 Hz used in this study only receive the vertical displacement of the
generated signal from the impact sources as the interested component in the measurement.
Several configurations of the receiver and the source spacings were required in order to
sample different depths. The measurement configuration of the SASW test used in this
study is the midpoint receiver spacings. In addition, the short receiver spacings with a high
frequency source were used to sample the shallow layers of the soil profile. Larger receiver
spacings with a set of low frequency sources were employed to sample the deeper layers.
The distance between the source and the near receiver was set up equal to the distance
between the receivers (Fig. 3). This configuration is adequate for reducing the near-field
effect (Heisey et al., 1982; Ganji et al., 1998).
2.2 Development of experimental phase velocity dispersion curve
An experimental phase velocity dispersion curve from all receiver spacings in one
configuration measurement was generated based on the phase angle data from the both
signals received by geophones. However, in fact, the phase angle is difficult to be
interpreted from the noisy signals because it should be analyzed from huge amounts of nonstationary seismic data in nature i.e. varying frequency content in time. Therefore, the timefrequency localization is needed to provide accurate information of wave spectrum. In this
study, the time-frequency analysis of continuous wave transform (CWT) was employed for
localizing and filtering the interested wave spectrum.
2.2.1 Continuous wavelet transform (CWT)
The continuous wavelet transform (CWT) technique is becoming a common tool to analyse
localised variation of power within a time series for non-stationary signal, i.e., seismic
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signals. In the technique, wavelets dilate in such a way that the time component also
changes for different frequency. When the time window component of the wavelet
decreases or increases, the frequency component of the wavelet is shifted towards high or
low frequencies, respectively. Therefore, as the frequency resolution increases, the time
resolution decrease and vice versa, which is called as multi resolution analysis, analysing
the signal at different frequencies with different resolutions (Mallat, 1989). CWT offers good
spectral and poor temporal resolution at low frequency, which is useful for low frequency
analysis with long duration signals, and good temporal and poor spectral resolution at high
frequency which is valuable for high frequency signals with short duration. This optimal
time-frequency resolution property makes the CWT technique useful for non-stationary
seismic analysis.

A wavelet is defined as a function of ψ(t) ∈ L2(ℜ) (L2 is the set of square integrable function)
with a zero mean, which is finite energy signals in both time and frequency. By dilating and
translating the wavelet ψ(t), a family of wavelets can be produced as:

ψ σ ,τ (τ ) =

1

σ

⎛ t −τ ⎞
⎟
⎝ σ ⎠

ψ⎜

(1)

where σ is the dilation parameter or scale and τ is the translation parameter (σ, τ ∈ ℜ and σ
≠ 0). The CWT is defined as the inner product of the family wavelets Ψσ,τ(t) with the signal of
f(t) which is given as:

FW (σ ,τ ) =

∫ f (t )

∞

−∞

⎛ t −τ ⎞
ψ⎜
⎟ dt
σ ⎝ σ ⎠

1

(2)

where ψ is the complex conjugate of ψ and FW(σ,τ) is the time-scale map. The convolution
integral from equation 2 can be computed in the Fourier domain. To reconstruct the function
f(t) from the wavelet transform, Calderon’s identify (Daubechies, 1992) can be used and is
obtained as:
f (t ) =

1
Cψ

⎛ t − τ ⎞ dσ dτ
σ ⎟⎠ σ 2 σ

∫ ∫ FW (σ ,τ )ψ ⎜⎝

∞ ∞

−∞ −∞

Cψ = 2π ∫

ψˆ (ω )
dω < ∞
ω

(3)

2

(4)

where ψˆ (ω ) is the Fourier transform of ψ(t). The integrand in equation 4 has an integrable

discontinuity at ω = 0 and implies that ∫ψ ( t )dt = 0 . In this study, the mother wavelet of the
Morlet wavelet was used. The shape of the Morlet wavelet is a Gaussian-windowed
complex sinusoid. It is defined in the time and frequency domains as follows:
Ψ 0 ( t ) = π − 4 eimt e −t
1

2

/2

ψˆ 0 ( sω ) = π − 4 H (ω ) e −( sω − m)
1
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where m is the wavenumber, and H is the Heaviside function. The time and frequency
domain plot of Morlet wavelet is shown in Fig. 4. In Figure 4a, the Morlet wavelet is shown
within an adjustable parameter m of 7 which is used in this study. This parameter can be
used for an accurate signal reconstruction of seismic surface waves in low frequency. The
Gaussian's second order exponential decay used in time resolution plot results in the best
time localisation.
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Fig. 4. Time and frequency domain plot of Morlet wavelet
2.2.2 Proposed procedure of the CWT technique in surface waves analysis

A flow chart of procedure of the CWT technique in the WSASW method is described in
Figure 5. The detail procedure is discussed in the following section.
1.

2.

Select the wavelet function and a set of scale, s, to be used in the wavelet transform. The
different wavelet function may influence the time and frequency resolution. In this
study, a Morlet wavelet function was selected as a mother wavelet in the CWT filtering.
Develop the wavelet scalogram by implementing the wavelet transform (equation 2)
using computed convolution of the seismic trace with a scaled wavelet dictionary.
Scalogram is a local time-frequency energy density which measures the energy of the
signals in the Heisenberg box of each wavelet. The detail discussion of scalogram can
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refer to Mallat (1989). Wavelet scale is calculated as fractional power of 2 using the
formulation (Torrence & Compo, 1998):
s j = s0 2

jδ j

, j = 0,1,..., J

⎛ Nδ t ⎞
J = δ j −1 log 2 ⎜
⎟
⎝ s0 ⎠

where, s0 is smallest resolvable scale = 2δt ,δt is time spacing, and J is largest scale.
Start

The original signal, f(t), in time domain 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

Reconstruction the filtered signal, f(t), in time
domain

Generating the phase spectrum from two
filtered signals (SASW configuration)

Developing the dispersion curve of phase
velocity

Finish

Fig. 5. Flow chart of CWT Filtering procedure
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3.

4.

Convert the scale dependent wavelet energy spectrum (scalogram) of the signal to a
frequency dependent wavelet energy spectrogram in order to compare directly with
Fourier energy spectrum.
Perform the CWT filtration on the wavelet spectrogram by obtaining the time and
frequency localization thresholds. Wavelet spectrogram is developed from the
scalogram which allows the filtration technique implemented directly to the spectrum.
In this study, the CWT filtration was developed 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 straight filtering in each of the dimensions of times, frequencies 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) and can be written as:
1 ≤ s ≤ Fl

⎧ 0,
⎪
f ( s ) = ⎨ 1,
⎪0,
⎩

Fl ≤ s ≤ Fh
Fh ≤ s ≤ N

6.
7.

(9)

1 ≤ u ≤ Tl

⎧ 0,
⎪
f ( u ) = ⎨ 1,
⎪0,
⎩
5.

29

Tl ≤ u ≤ Th
Th ≤ u ≤ N

The value of 1 means the spectrum energy is passed and the value of 0 represents the
filtration criteria when the spectrum energy is set as 0.
Reconstruct the time series of seismic trace using equation 3.
Calculate the phase different from reconstructed signals at each frequency to develop
the phase spectrum for the experimental dispersion curve. The phase data can be
calculated from:

{
{

}
}

⎛ ℑ s −1WnXY ( s ) ⎞
⎟
⎜ ℜ s −1W XY ( s ) ⎟
n
⎝
⎠

φn ( s ) = arctan ⎜
where,

8.

(10)

WnXY ( s ) = WnX ( s ) WnY ∗ ( s ) = wavelet cross spectrum

(11)

(12)

Finally, by extracting the data of the phase angle from the phase spectrum, a composite
experimental dispersion curve can be calculated by the phase difference method. The
time of travel between the receivers for each frequency can be calculated by:

t( f ) =

φ( f )
( 360 f )

(13)

where f is the frequency, t ( f ) and φ ( f ) are, respectively, the travel time and the phase
difference in degrees at a given frequency. The distance of the receiver (d) is a known
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parameter. Therefore, the Rayleigh wave velocity, VR or the phase velocity at a given
frequency is simply obtained by:
VR =

d
t( f )

(14)

and the corresponding wavelength of the Rayleigh wave, LR may be written as:
LR ( f ) =

VR ( f )

(15)

f

By repeating the procedure outlined above and using equation 13 through 15 for each
frequency value, the R wave velocity corresponding to each wavelength is evaluated
and the experimental dispersion curve is subsequently generated.
2.3 Shear wave velocity profile

An inversion analysis was used to generate the shear wave velocity profile. In the inversion
process, a profile of a set of a homogeneous soil layer extending to infinity in the horizontal
direction was assumed. The last layer is usually taken as a homogeneous half-space. Based
on the initial profile, a theoretical dispersion curve was constructed using an automated
forward modeling analysis involving 3-D dynamic stiffness matrix method (Kausel &
Röesset, 1981). In the model, displacements and stresses (or traction) of the propagation of
the waves on a horizontal surface can be expanded using the Fourier series in the
circumferential direction and in terms of cylindrical function (Bessel, Neuman or Hankel
functions) in the radial direction.
For axisymmetric loading only one Fourier series term is needed (the 0 term), and the radial
and vertical displacements (U and W) can be expressed by:
U (r) = qR

∫

∞

uJ 1 ( kR ) J 1 ( kr )dk

(16)

w J 1 ( kRo ) J 0 ( kr )dk

(17)

k =0

∫

∞

W (z)= qR

k =o

where J0 and J1 = the zero and the first order Bessel function, k = the wave number, r = the
radial distance from the source, R = the radius of the disk, q = the magnitude of the
uniformly distributed load; u and w = functions of k for a harmonic load at the surface
with wavelength 2π k . Kausel & Röesset (1981) showed that the displacement u and w , in
Equation 16, can be written as:

u=

∑ ui 1wi 1 k ( k 2 − k 2 )

2n+2

w=
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i

∑ wi21 k ( k 2 − k 2 )

2 n+ 2
i =1

k

i

(18)

i

i

(19)
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For a system of n layers over a half-space, ui1 and wi1 denote the horizontal and vertical
displacements at the surface in the ith mode and can be found from the corresponding mode
shape. By substituting equation 18 and 19 to 16 and 17, respectively the integral can be
evaluated analytically in closed form. This solution is particularly convenient when dealing
with a large number of layers as in the case when it is desired to obtain a detailed variation
of the soil properties. Subsequently, the theoretical dispersion curve generated using the 3-D
model was ultimately matched to the experimental dispersion curve based on lowest root
mean square (RMS) error with an optimisation technique from Joh (1996).
2.4 Development of soil shear modulus and damping ratio profile

The soil shear modulus profile can be obtained by linear elastic model involving the parameter
of the shear wave velocity obtained from inversion process as mentioned in previous
section. The soil shear modulus is calculated from the following equation (Kramer, 1996):
G=

γ VS2
g

(20)

where G = the dynamic shear modulus, VS = the shear wave velocity, g = the gravitational
acceleration; and γ = the total unit weight of the material. Nazarian & Stokoe (1986)
explained that the modulus parameter of material is maximum value at a strain below about
0.001 %. In this strain range, modulus of the materials is also taken as constant.
In order to measure the soil attenuation from signals recorded from field measurement,
the spectrogram attenuation model developed by Rosyidi (2009) was employed in the
analysis. The decrease in amplitude (energy density) of the vertical component of the Rwave with distance due only to geometric configuration is also called the radiation
damping or geometric spreading. An effective soil damping ratio of R-wave in layered
medium can be defined from the attenuation analysis and the value is frequency
dependent. Its value may become very high for the first few modes of vibration. The
attenuation (α) of R-wave can be performed by the spectrogram attenuation model
proposed by Rosyidi (2009) as follows:
⎡ ⎧ R ⎫n
⎤
⎡ W fR2 ( u , s ) ⎤
⎥ = ln ⎢ ⎨ 1 ⎬ {G ( R ) ⋅ G ( I ) ⋅ K ( R )} e{−α ( f )( R1 − R2 )} ⎥
ln ⎢ R
1
⎢ ⎩ R2 ⎭
⎥
⎢
⎥
⎣ W f ( u, s ) ⎦
⎣
⎦

(21)

W fR1 ( u , s ) dan W fR2 ( u , s ) = spectrogram magnitude response for geophone 1 and 2

where, R1 dan R2 = geophones distance from the sources (if using two geophones),

respectively, G(R) = geometric spreading factor, G(I) = instrumentation correction factor and
K(R) = correction for refracted and transmitted waves.
Finally, the experimental attenuation curves can be used in the inversion process aimed in
estimating the variation of soil shear damping ratio with depth. The inversion process is
carried out using the SURF code (Herrmann, 1994), based on a weighted, damped, leastsquares algorithm. Experimental attenuation curve consists of surface-wave attenuation
data at different frequencies obtained from equation 21. The amplitude variation with
distance can be used to obtain the experimental attenuation curve.
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The solution to the inversion problem of estimating the dissipation factors is based on (Aki
& Richards, 1980):

α(f )=

N
⎛ ∂V ⎞
⎛ ∂VR ⎞
2π f ⎪⎧ N
⎪⎫
V
D
VS ,i ⎜ R ⎟ DS ,i ⎬
+
⎨
⎜
⎟
∑
∑
,
,
P
i
P
i
2
VR ⎩⎪ i
⎝ ∂VP ⎠i
⎝ ∂VS ⎠
i
⎭⎪

(22)

where VP, VS and VR are the P-, S- and Rayleigh-wave velocities, respectively. The suffix i
refers to the ith layer and the summation is carried out over N layers of the stratified soil
model. DP and DS are the damping ratio values for P- and S-waves, respectively.
In homogeneous media with high values of Poisson’s ratio (ν),the influence of the P-wave
damping ratio on Rayleigh-wave attenuation is very small (Viktorov, 1967). For layered
media, the influence of DP on Rayleigh-wave attenuation is negligible for values of VP/VS
greater than 2 (i.e. ν > 1/3) as described in Xia et al. (2002). These values are typical for
saturated soils, and in many temperate regions the water table is usually shallow, thus it
is reasonable to perform the inversion of Rayleigh-wave attenuation assuming a constant
value of the ratio DP/DS or assuming that no bulk loss is present (Herrmann, 1994, Foti,
2004). It is important to point out that the relationship between the attenuation of
Rayleigh waves and the dissipative properties of each layer is influenced by the shearwave velocity profile of the medium. The detail procedure of the inversion process for
obtaining the shear damping ratio is discussed by Herrmann (1994), Lai and Rix (1998)
and Foti (2004).

3. Results and discussion
3.1 Seismic data and spectrum analysis

Figure 5 shows two examples of the recorded signals from averaging multiple impacts
from the field seismic measurement at soil test site. The signals were received by two
geophones in 8 m receiver spacing. From the recorded signals, it can be recognised that
higher amplitude is measured for the fundamental mode of R- wave amplitude. It is also
noted that the decreasing signal magnitude is identified as the R-wave attenuation in the
soil layer which is an important characteristic for energy decrement. The waveform of
seismic signal recorded (Fig. 5) is transient and-non stationary. Weak recorded signal of
seismic wave particularly in channel 2 is also identified as an effect of environmental
noise which maybe produced from ground noise and man-made vibrations. This means
that either the input signals or behaviour of system at different moments in time was not
identical.
When the signals were transformed into frequency domain using FFT (fast Fourier
transform), time-dependent behaviour of the seismic waves and noisy events were lost
(Fig. 6). The energy content of these events which are present at different times and
frequency would not be picked up by conventional Fourier analysis. In the other words,
the conventional spectral analysis of non-stationary signal of seismic waves cannot
describe the local transient event due to averaging duration of signals. It also cannot
instantly separate the event of true seismic waves from noisy signals. Consequently, it is
difficult to capture the correct phase information in the transfer function of both signals
(Fig. 7).
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Fig. 5. The time signals from 8 m receiver spacing from the measurement
3.2 CWT filtering and analysis in the WSASW

In order to enhance the pattern of non-stationary seismic wave signals from noisy signal,
both signals were then transformed in time-frequency resolution by the CWT. This time and
frequency analysis of CWT was employed to overcome the identification problem of
spectral characteristics of signals. Fig. 8 and 9 present the CWT spectrogram of the time
signal from geophone 1 and geophone 2, respectively (Fig. 5), which was constructed by
using a mother wavelet of Morlet.
Three main energy events at different frequency bands were clearly detected which may
result in both low and high mode of seismic and noisy signals (Figure 8 and 9). It can be
seen that coherent low frequency energy was found in the range of up to 2 - 10 Hz in both
CWT spectrograms (event B, C, D, E). This spectrum range is clearly captured and identified
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Fig. 6. FFT spectrum of the time signals from 8 m receiver spacing of the measurement

Fig. 7. Phase spectrum of each time signals from 8 m receiver spacing
as dominant noisy signals or ground rolls. Another noisy signal received during
measurement was generated from the electrical devices and generator which has constantly
the frequency content of 50 Hz (event F). The spectrum events of surface wave signals are
recognized at event A with the frequency level of 4 to 35 Hz with arrival time of 0.012 to 0.50
s which consist of high magnitude of energy.
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Fig. 8. The CWT spectrogram for signals received by geophone 1
In order to separate the original seismic wave, the wavelet spectrogram filtration was then
implemented. 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
reconstruct signal components. The time and frequency fields define limits in spectrogram
filtering. In this study, the time and frequency range of noise signal was set as threshold of
wavelet (equation 9 & 10). It means that the noisy signals are removed from the spectrogram
and only the interested seismic wave signals remain. Table 1 shows an example of the
threshold parameters of time-frequency used in filtering criteria for the signals from 8 m
receiver spacing of SASW measurement. Consequently the inverse wavelet transform
returns a denoised seismic signal from the filtered spectrogram of interest. Demonstration of
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the wavelet analysis in denoising and reconstructing the recorded seismic signals is shown
in Fig. 10. Particularly for seismic signal recorded on channel 2, the reconstructed waveform
of denoised signal improves the signal pattern of the seismic surface waves. The highest
amplitude shown at first phase of signals are recognised as low frequency energy from the
noisy signals or ground rolls based on the spectrogram analysis, therefore, it should be
filtered.

Fig. 9. The CWT spectrogram for signals received by geophone 2
Threshold
Geophone 1
Geophone 2

Time (s)
T1
T2
0.030
0.650
0.002
0.440

Frequency (Hz)
F1
F2
2.97
7.08
2.75
6.05

Table 1. Time and frequency threshold in CWTF
The phase spectrum from denoised signals from the surface wave measurement was then
constructed by equation 11. Compared to the phase spectrum from original signals, the
enhanced phase spectrum from the CWT filtration provides the better phase information
versus frequency range without noisy interference needed in the surface wave analysis (Fig.
11). It shows that the CWT and wavelet filtering is an effective tool for identifying,
denoising and reconstructing the noisy seismic surface waves measured on the soil profile.
Finally, based on the phase different method (Equation 13 – 15), a phase velocity dispersion
curve from enhanced phase spectrum can be obtained. Fig. 12 presents the dispersion curves
obtained from CWTF compared to the original dispersive velocity data (only produced from
masking process without any filtration), and dispersion curves from the continuous surface
wave (CSW) measurement and the impulse response filtration (Joh, 1996) analysed from
WinSASW.
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Fig. 10. Reconstructed signals from the CWTF
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Fig. 11. Phase spectrum from two signals obtained by CWTF and spectrogram analysis
compared to the original phase spectrum
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Fig. 12. Comparison between dispersion curves from the CWTF in the WSASW method and
the dispersion curves from the original phase data (without any filtrations), developed by
the CSW method and by impulse response filtration (IRF) built in WINSASW (Joh, 1996)
3.3 Shear wave velocity evaluation

The actual shear wave velocity of the soil profile is produced from the inversion of the
experimental dispersion curve. In the inversion process, a profile of a homogeneous layer
extending to infinity in the horizontal direction is assumed. An example shear wave velocity
profile of soil site from this study is shown in Fig. 13. The average inverted shear wave
velocity of soil layer for RTM Kelang test sites was found to be 54. 90 m/s with a range of
38.52 to 103.53 m/s. Using the shear wave velocity parameter, the soil material in this study
could be evaluated and classified as soft clay (marine clay). The result shows that the soil
classification based on the shear wave velocities is also reasonably in agreement with the
laboratory tests.
As part of the validation on the results of the shear wave velocity profile obtained from this
study, a steady state method or also well known as the continuous surface wave (CSW)
measurement was carried out at same locations. In CSW measurement, a set of low
frequency content generated from harmonic vibration source was set up in the range of 5
until 30 Hz with the fixed receiver spacing of 1 m. In this frequency level, the observed soil
profile can be investigated until 6 m of depth. The comparison between a shear wave profile
determined by WSASW analysis and CSW method is also shown in Figure 13. This
comparison shows that the shear wave velocity profile by a WSASW technique is in a good
agreement with value of the shear wave velocity determined by CSW method.
3.4 Shear modulus evaluation

Based on the shear wave velocity profile, the shear modulus (G) profile of RTM Kelang site
can be calculated and the result is given in Fig. 14. The result of G is also compared with the
shear modulus calculated using Hardin & Drnevich (1972) model and the shear modulus
obtained from the CSW measurement.
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Fig. 13. A shear wave velocity profile of investigated soil at RTM Kelang site and
comparison with the borehole log
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Fig. 14. A shear modulus profile of investigated soil at RTM Kelang site
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From Fig. 15 and Table 2, the soil parameters of physical properties and effective soil
stresses used for the shear modulus calculation using Hardin & Drnevich (1972) is
presented. The soil parameters were obtained from the laboratory tests on soil samples
collected from the drilling at the observed depth. Mathematical equation developed by
Hardin & Drnevich (1972) can be written as:
Gmaks =

( )

A ( OCR ) PA1− n σ m'
k

F ( e)

n

(23)

where,
A
= the dimensionless elastic stiffness coeficient,
σ m'
= mean effective soil stress (obtained from Fig. 15)
PA
= atmosphereic pressure,
n
= exponent soil constant equal to 0.5,
F(e)
= 0.3 + 0.7e2, and e = void ratio,
k
= exponent soil constant depending on the plasticity index of soil,
OCR
= over consolidation ratio.
'
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Fig. 15. Profile of soil stress, over consolidation ratio (OCR) and void ratio parameter at
observed depth from the site
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Shear modulus of soil profile calculated from Hardin & Drnevich (1972) based on laboratory
soil parameter is shown in Fig. 15. From the CSW measurement, shear modulus can also be
obtained based on Eq. 20. Comparing between these methods, it can be observed that a good
agreement of the soil shear modulus at observed location was obtained by the wavelet
spectrogram analysis of surface waves (WSASW), Hardin and Drnevich (1972) model and
the continuous surface wave measurement (Fig. 14).
Depth (m)
2
3.5
5
6.5
9.5
12.5

σ m'

(kPa)
10
20
12
14
10
16

n

k

F(e)

OCR

G = Gmaks
(MPa)

0.5
0.5
0.5
0.5
0.5
0.5

0.4765
0.3165
0.4415
0.3165
0.311
0.366

7.468
5.403
5.788
5.788
4.675
4.003

1.8
1.5
1.5
1.9
1.4
1.3

3.50
5.88
4.47
4.95
4.69
6.88

Table 2. Soil parameters used for shear modulus calculation using Hardin & Drnevich (1972)
model at the site
3.5 Shear damping ratio evaluation

Fig. 16 shows the wavelet spectrum of 80 cm receiver spacing for signals received by
geophone 1 and 2, respectively. The decay factor curve of the R-wave for the experimental
data is then obtained from the plot of the ratio of the second signal magnitude from
spectrogram (w2) over the first signal magnitude (w1) versus frequency (Fig. 17) where the
curve shows a general trend of frequency dependency. A regression analysis is then
performed on the experimental data to obtain the decay factor. The theoretical regression
analysis of attenuation derived from equation 21 can then be written as:

⎡ W fR2 ( u , s ) ⎤
⎥ = −α ( f ) ( ΔR ) + k = −2α 0 ( f ) + k
ln ⎢ R
1
⎢
⎥
⎣ W f ( u, s ) ⎦

(24)

The best-fit curve is then established between the decay factor of the experimental data and
the regression analysis equation by trial and error for different values of α0 from visual bestfit evaluation of the two curves. From Fig. 17, the best-fit value of frequency-independent
attenuation coefficient of the soil is calculated as 5 × 10-3 s/m at frequency of 3 to 20 Hz. The
frequency range of the attenuation coefficient of the R-waves in the soil layers was chosen
using the bandwidth criteria. The root mean square error for this fitting curve is found to be
0.27.
By repeating the procedure for attenuation analysis in each frequency value for all seismic
data, the experimental attenuation curve is subsequently generated. An example of
attenuation versus frequency curve at the soil site is presented in Fig. 18a. By knowing the
experimental attenuation profile, the shear damping ratio can be obtained by inversion
process as mentioned in Section 2.4. In the inversion analysis, the soil model is typically
assumed as the homogeneous linear elastic layers over a halfspace with model parameter of
shear wave velocity, shear damping ratio and thickness for each layer. In this study, due to
shear damping ratio is unknown data and there is no prior information from the previous
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Fig. 16. The wavelet spectrum of 80 cm receiver spacing for signals received by geophone 1
and 2
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Fig. 17. The best-fit frequency-independent attenuation coefficient of the soil based on
attenuation regression analysis
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field or laboratory soil data, therefore, it should be assumed with rational values for soil
model parameter. The inversion analysis is procesed by using Herrmann (1994) code based
on a weighted, damped, least-squares algorithm. Fig. 18b shows comparisons between the
experimental attenuation curves and the theoretical attenuation data calculated from
equation 22. Iteration processes were conducted to match between both experimental and
theoretical curves. Fig. 19 presents the final profiles of shear damping ratio for the last
iteration of the inversion process with lowest RMS error.

4. Conclusion
In this paper, an improved seismic method of the wavelet spectrogram analysis of surface
waves (WSASW) technique for measurement of the soil dynamic property at soft soil site is
presented. The identification, denoising and reconstruction technique of the wave response
spectrum from seismic surface wave propagation on a residual soil using time-frequency
analysis of continuous wavelet transforms is also proposed. The mother wavelet of Morlet was
used for providing good resolution of spectrogram at low frequency and is also effective in the
detection of low frequency noises. The spectrogram could be used to clearly identify the
various events of interest of the seismic surface waves and noisy signals. Based on the
generated spectrogram, the thresholds for CWT filtration could be easily obtained.
Consequently, the denoised signals of the seismic surface waves were able to be reconstructed
by inverse wavelet transform considering the thresholds of the interested spectrum.
A good agreement was obtained between the dispersion curve obtained from the phase
spectrum based on the CWT filtration used in WSASW method compared to the dispersion
curve analysed from the IRF technique and the experimental dispersion curve from the CSW
measurement. The technique is also able to evaluate the soil dynamic properties, i.e., shear
wave velocity, shear modulus and damping ratio properties at soft clay soil site as performed
in this study. Comparison between the shear wave velocity and shear modulus obtained using
WSASW method compared to that of the WSASW and Hardin & Drnevich (1972) model were
found to be good match. Finally, the WSASW technique based on wavelet analysis is a
potential tool and useful for identification and evaluation of the transient events in nonstationary signals produced from the seismic measurement at the soft soil sites.
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