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Application of Wavelet Spectrogram Analysis of Sr-rrface Waves

for Long-term Settlement Prediction

Sri Atmaja P. RosYidi
D e p ar tmeit of Civ il E n gin e e rin g, (J niv er s i. t a s Mu h amma cliy oh Y o gy a kcu' t ct

Colin Peter Abbiss
3, Marea Meddovvs, Heacham, Kirtgs Lynn,l{orfolk, PE31 7SR, LrK

ABSTRACT: Wavelet spectrogram analysis of surface waves (WSASW) method has been introduced and

recently implemented to^impro=ve the fieid measurement of shear wave velocity. and damping ratio on soil

sites. ihis method improv.i u .o**on used signal processing tools, e.g., Fourier analysis, for attenuation

analyses which fail to identify when certain characteristic features occur in a waveform. The time-frequency

character of wavelet transforms allows increased flexibility as both traditional time and frequency domain

r,.d identification approaches can be exploited to examine nonlinear and non-stationary seismic events

that are in essence otscured by traditional ipectral approaches. This paper presents application of wavelet

spectrogram analysis of surfaie waves method for iimultaneous shear wave velocity, damping ratio and

long-term settlement calculation on soft clay. Soil model is treated as an elastic material of viscoelastic

pr ;.rty. The calculated elastic settlement from shear wave velocity and its corresponding shear modulus,

and equivalent damping are then used 1o calculate the long-term settlement by applying the generalised

viscoelastic formula. Clomparisons to traditional methods of settlement predictions were made and the

viscoelastic formula has shown better agreement to the observed settlement'

Keywords: long-term settlement, shear modulus, shear wave velocity, wavelets, damping

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 dpamic soil properties, i.e., the

shear wave velocity (Vs), shear modulus (G),

damping ratiq (D) and depth of each layer of
the ioil profile. Much of the basis of the

theoretical and analytical work of this method

for soil investigation has also been developed
(Stokoe et &1., 1994). In surface wave

measurements, the application of wavelet
analysis has been started by Kim and Park
(2002) who used a harmonic wavelet tra:rsform

ior 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 freguency 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 measurernent. In

iddition, 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. Wavelet spectrogram

analysis of surface waves (WSASW) is one of
improved surface waves technique has been

introduced by Rosyidi (2009).
The aim of this study is to introduce the

capability of in-situ surface wave measurement

olthe wavelet spectrogram analysis of surface

waves (WSASW) technique for long-term

settlement measurement. This technique has

capability to reconstructed spectrograms of
nolsy seismic waves and produces the

enhanced phase velocity dispersion curve. ln
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 ofnoisy signals.
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6.

7.

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 :

rc={T1o.b,,},(+)5# (3)

c* =ro1VWar.* (4)

Where <r is the dilation parameter or scale
and t is the translation parameter (o', t e fr
and o * $, y(r,t)is the Fourier transform of
\+/(t). The integrand in equation 4 has an

integrable d-iscontinuity at c0 = 0 artd
impies that[vQpt = o'.

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 :

r'vhere,

w: @=wl @wl"G)
= wavelet cross spectrum

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

,0:#* (7)

where,/is the frequency, tU) and 6Q:) are,
respectively, the havel time and the phase

difference in degrees at a given frequency.
The distance of the receiver (4 is a known
parameter. Therefore, the Rayleigh wave
velocity, Vn or the phase velocity at a given
frequency is simply obtained by:

,, - 
(l

' ^ 
- r(-f)

By repeating the procedure outlined above

and using equation 7 and 8 for each

frequency value, the experimental
dispersion curve is subsequently generated.
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10. An inversion analysis was used to generate
the shear wave velocity profile. In the

inversion process, a profile of a set of a

homogeneous 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 (Rosyidi,
2009).

1 1. 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:

G_

(s)
where, G: the dynamic shear modulus, Z5
: the shear wave velocity, g : the

gravitational acceleration; and y : the total
unit weight of the material.

12.In order to measure the attenuation data
from signals recorded from field
measurement, the spectrogram attenuation
model developed by Rosyidi (2009) was
employed in the analysis (Equation 10).

The decrease in amplitude (energy density)
of the vertical component of the R-wave
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. The attenuation data
(") of R-wave can be performed by the
spectrogram attenuation model proposed
by Rosyidi (2009) as follows:

((t)

8.

YVt'
o6

(e)

9.

(8) "l#Hl "[i*l :c(/i) ri(/) ,((ft)],' "' l(10')
Il

r.vhere. 117 dan R2: geophot'tcs clistarlce

from the soLtrces (if using trvo geophoncs).

1^r i

Q,G)=arctan
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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
Figure 3. 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 lvave
velocities is also reasonably in agreement with
the laboratory tests.

Shear Wave Velocity(m/s)
20 40 60 80 100 | 20

0

I
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4
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l0
l1

t2

l3

15

Figure 3. Shear wave velocity profile and
comparison with the borehole log

3.2 Settlement Prediction

The vaiues of shear wave velocity from
inversion analysis of the WSASW test are used

in order to calculate the long-term settlement
at Klang. Results of the total settlement at
observed BH at the location of study and its
corresponding time are given in Figure 4

calculated from the shear wave velocity
parameter of 50.2 m/s at the depth of 1.86 m
(at observed depth in settlement) of the
WSASW method. In this calculation, the
results of damping ratio obtained from the
hamrner damping method was found to be 15

% with of the characteristic strain (er) was
found to be 0.00025 that represents a strain
level at which{he largest change in damping as

a function of strain was found. Its value is

recommended to be used in the long-term
settlement calculation of the seismic method.
The spreadsheet of settlement calculation is

Proceeding lSth Annual Confbrence on Gcotechnicol Engincaritrg
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summarised in Table 1.It was found thatthe 24
hours immediate settlement froni WSASW
method for observed BH is estimated to be
25.75 mm, while the corresponding total long
term settlement of 300 days is estimated to be
54.13 mm.

elapsod tim (day)

1101m

60

Figure
results

with time from WSASW

Table 1. Spreadsheet for settlement calculation vs
time from the WSASW method

t

ettlement3.S

Time log t {r/r rrJn,n) total w
(days) (iiays) (mm)

0.1 -1 4.633 19.080

0.2 -0.698 s.071 20.883

0.3 -0.505 5.37 4 22.13 -1

0.4 -0.359 5.615 23.125
0.5 -0.249 5.802 23.894
0.8 -0.0901 6.086 25.0b6

0.2812 6.816 28.070
0.491 1a/1 29.848

5. 0.726 '7.171 32.028
10 i.014 8.416 34.909
l5 i.185 8.923 36.1s0

103 2.01 5 11 .444 47 .130

t21 2.102 1 1.748 48.382

180 2.255 12.299 -s0.6,50

2.3 l0 12.503 5 t.490
261 2.421 12.950 53.33 I

2.411 r3. 123 54.046

3.3 Cornpttrisotr vvith Other Predictiotrs

Prediction of consolidation settlentetit in thc
one-dimensiortal rnethod rvas applied by trsing
the procedures of Traditional -ferzaghi tttethocl
(Terzaghi and Peck. 1967) and trvo modifiecl
Terzaghi rnethods, i.e. Skcmpton-Bjerrunr
(Bjerrr-rm, 1972) ancl Modifled 'ferzaghi

(Coduto. 1994) rnethocls based on laboratorv
tests data.
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"r" closed to 0,
relationships to

indicating that insignificant
the total sefflement value.

Negative signs of the independent variables
indicate that the relationship of the dependent
and independent variable is inversed, with
increasing independent variable followed by
decreasing dependent variable while positive
signs of the independent variables show
gtherwise.

Table 3. Correlation analysis of shear wave
velocity, damping ratio and density to the
settlement calculation

0-t I l0 100

Elipsed tirDe (daY)

Figure 5. RMS error of predicted settlement

Those parameters are obtained from the
variables that are used in equation of the
seismic settlement calculation. The shear

wave velocity and density parameters are used

to calculate the shear modulus and are related
to the elastic deformation of soft soil which is

. ShearObserved - , -- Damping DensitY
time ,*1Yt. . (r) (r)

veloclty (r)
24h -0.6281 0.0234 -0.0450

200 h -0.6153 0.0240 -0.0449

1000 h -0.6062 0.0241 -0.0448

2000 h -0.6025 0.0240 -0.0448

5000 h -0.5978 0.0238 -0.0447

6500h -0.5965 0.0237 -0.0447

u,ritten as:

,r, - 'fQb''o 
ZGn

( 17)

where / is factor from Brown and Gibson
(1972) graph which is presented in Figure 2,b
is a radius of footing, q is amount forces of
loading which is applied to the ground surface
and Go is an initial shear wave velocity which
is obtained from:

Go: PVs (r8)

In this sensitivity analysis, a correlation
analysis of the parameters involved in the
settlement calculation was carried out to
measure the level of significant of each
parameter. The parameter used in the
correlation analysis is the coefficient of
correlation (r) having values ranging from 0 to
1. The value of one describes a very significant
correlation and vice versa.

Table 3 shows the result of correlation
analysis on shear wave velocity, damping ratio
an{ density. The parameter of Shear wave
velocity has a significant effect for the total
calculated settlement, while damping and

density have shown insignificant effect on the
total calculated settlement. Vs parameter as

compared to the other parameter was found to
have the values of correlation of regression (r)
closest to 1, indicating that the values are of
significance relationship. While damping ratio
and density were found to be having values of

4 CONCLUSIONS

This paper presents the capability of surface
wave rneasurement using the Wavelet
Spectrograrn Analysis of Surlace Waves
(WSASW) for long term settlement prediction
on soft clay. The seismic methods of WSASW
have given the lnost accLtrate settletlettt
predictions as compared to the other traclitional
rnethods er-nplo1,ed in this stLrcll'. The shear
rvave velocity' is the most signifrcaltt ilarilreter
in the sensitivitl'anal1'sis cotrparecl to tht
damping and densitl,u,hich tlre reclttirecl
parameters in the seislnic settlemeltt tbrnlLrla.
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