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Abstract: This research investigated the effect of anomalies such as voids on surface wave propagation. This was
achieved by studying the signal simultaneously in both the time and frequency domains with the assistance of time-
frequency plots generated by continuous wavelet transformation (CWT). The study also investigated the effects of
different types of wavelets on CWT and developed a protocol for processing seismic wave data for void detection. For
this purpose a numerical and experimental study was conducted and the data was studied in both the time and
frequency domains in conjunction with time-frequency plots. The response of the soil media is presented in the time-
frequency plots. The presence of void like anomalies disrupts the time-frequency plot features and introduces new

features. These features have been used for cavity detection.
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1. INTRODUCTION

Detection of obstacles, voids, cavities, sub-surface
rock profiles, or underground utilities is required for the
planning, design, and remediation of existing sub-
structures (foundations, tunnels or basements). These
sub-surface features affect the soil properties in their
vicinity. The design and planning process of any sub-
structure is significantly dependent on these sub-
surface soil properties.

Seismic wave based sub-surface exploration
techniques are usually very successful in determining
the soil properties surrounding the sub surface features
that have significant rigidity variation [1]. These
methods include multi-channel analysis of surface
waves (MASW), spectral analysis of surface waves
(SASW), seismic refraction survey, and seismic
reflection survey. These methods are based on the
travel time estimation, or spectral analysis, of the
elastic waves (surface waves, compression waves and
shear waves) generated in a medium due to an impact
on the ground surface. Travel time based methods
include the refraction and reflection method and
spectral analysis methods include spectral analysis of
surface waves (SASW) and multichannel analysis of
surface waves (MASW).

Past research has investigated the use of seismic
methods to detect subsurface voids. Cooper and
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Ballard (1988) [2] have shown that the presence of any
cavities or anomalies near the surface tends to
increase arrival time and voids can be detected using
this phenomenon. However, the refraction method fails
to detect soil or water-filled cavities and rigid obstacles.
Belesky and Hardy (1986 [3] studied the effects of
horizontal strata on arrival time and found that the
phenomenon of increased arrival time due to shallow
cavities cannot be applied in the case of stratified soil
profiles as this procedure cannot differentiate between
signals arriving from anomalies and reflections from
different layers of soil media. Spectral analysis
methods have been very effective and successful in
determining the elastic moduli of the soil layers
surrounding these ground [1]. The variations of spectral
methods have also been utilized to detect sub-surface
void like anomalies [3, 4, 5]. However, the
effectiveness of these methods is dependant on the
source location, receiver array placement and
tomography of the surrounding soil [6].

The traditional spectral method approaches lack the
information of spectrum variation in the time domain
due to the presence of cavities and layers of soil. The
spectral information of the reflected waves from any
cavities or anomalies is lost when a Fourier transform
is performed on seismic test data. Travel time based
methods that are generally used in the case of
reflection and refraction of seismic waves do not supply
information about change in frequency content. Thus,
analyzing the signal simultaneously in both the time
and frequency domains are expected to be more
efficient than analyzing it in one domain.
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In this research, the effect of voids in soil media was
examined by qualitatively comparing the signal
properties acquired from controlled laboratory
experiments on a soil media, both with and without
voids. A data processing protocol was developed for
processing seismic wave data for void detection by
studying the signal simultaneously in the time and
frequency domains using continuous wavelet
transformation (CWT) [7]. The basic theory of CWT is
also briefly discussed. In addition to the experimental
study, a numerical study was also conducted using a
2D finite difference model in the Wave2000° Pro
software. The present study was conducted to
determine the feasibility of simulating the physical
phenomenon numerically. Once established and
refined, this numerical model could be used to
determine the effect of different variables such as void
size and heterogeneity of soil media. However, the
present study is limited to the determination of concept
feasibility. In the present study only a 2D model is
considered because the computational requirements
for a 3D wave propagation was extensive. The
numerical receiver data was processed with the same
protocol that was used for analyzing the experimental
test data collected from the laboratory soil box with a
void. The time-frequency maps constructed using the
experimental data confirm the numerical results. From
the experimental and numerical results it can be
concluded that the time-frequency plot features
generated from a CWT analysis can be used to
investigate the seismic wave propagation and therefore
can be used to study its properties in the presence
of voids.
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2. CONTINUOUS WAVELET TRANSFORMATION

Wavelet analysis is a relatively new technique that
can be applied to dynamic soil response data to study
signals in the time and frequency domains
simultaneously. Kaiser G., (1994) [8] defined the
wavelet transformation as “Wavelet transformation can
be regarded as the convolution between a function
known as wavelet and the original signal.” A function,
defined as a mother wavelet, ¥(1), is required before
performing a wavelet transformation. This function
must be well defined, localized in time and frequency
domains, and should have a zero mean [8]. There are
many types of mother wavelets developed for purposes
such as time series analysis, dynamic data analysis,
de-noising signals, image processing, and speech
recognition [9].

A wavelet, vy, (1) at time location, f, and to scale,
a, and integration variable, 1, is given by the following
equation [10]:

-7
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CWT W,, of any signal, x(f), with wavelet, y(7), having
range of scales, a, is defined as follows [10]:

W,x,, = '[x(r)y/*a,[(r) dt (2)
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where v, (7) is the complex conjugate of (1),

W, x,, is the wavelet coefficient, and a is the scale of a

f=sin(2r) : a=1/2

— 05

&

£ o

a -0.5

N ] 1 2 3 4 5 ] 7

Time(t)

f=sin(47) ; a=1/4

o

Sin(4t)

Figure 1: Sine function with different scales.
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wavelet that is the inverse function of frequency. To
demonstrate the functionality of scale, sine waves with
different scales are plotted and presented in Figure 1.
The lower value of scale has resulted in a more
compressed wave and also the radian frequency has
increased. Thus, from Figure 1, it is evident that the
scale is related to the radian frequency of the sine
functions.

In the case of wavelets, the scale works in the same
way as in the example of sine waves presented in
Figure 1. A db2 wavelet is plotted with different scales
and is presented in Figure 2. It is clear from the plots
that the small scale results in a more compressed
wavelet and thus has a higher frequency content than
the mother wavelet.

From Figure 2 it can also be concluded that in the
wavelet analysis, the scales can be related to the
frequency of the wavelet and thus can be related to the
frequency of the signal. To compute the frequency
relationship to the scale, the center frequency, F., of
the mother wavelet is computed. The center frequency
is determined from the power spectral density (PSD)
plot of the mother wavelet. The frequency
corresponding to the highest power peak in the PSD
plot is assigned the center frequency of the mother
wavelet. For a given wavelet with scale a, its center
frequency is also scaled by the factor F. /a. If the
sampling period of the data, 4, is also considered, then
the frequency corresponding to the wavelet of certain
scale, a, is given as:

2
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Thus, higher scale would represent low frequency
and low scale represents the high frequency.

The CWT process can be regarded as the
integration over the time duration of the original signal
x(t) multiplied by the scaled wavelet. Equation (2)
represents the mathematical expression of this
process. This process produces wavelet coefficients
that are a function of scale and time location. The step-
by-step procedure of the CWT process is explained
below:

1. Select a mother wavelet.

2. Select the scale range. This step identifies the
frequency range of interest because the scale is
related to the frequencies.

3. Select the scale interval. This step determines
the scale values to be used in the CWT process.

4, Take the wavelet with the initial value of scale
and compare it to a section at the start of the
original signal x(t) (Figure 3). Calculate the
wavelet coefficient from Equation (2).

5. Shift the scaled wavelet to the new time position
and calculate the wavelet coefficients (Figure 4).
This process is continued for the full length of the
signal.
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Figure 2: db2 wavelet function with different scales.
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6. Scale the mother wavelet according to the scale
interval and the scale range and repeat steps
4 and 5.

7. The wavelet coefficient is then plotted either as

three dimension or as contour.

The analyzing wavelet that correlates with the
properties of the original time varying signal, x(t),

provides a greater value of wavelet coefficient, or vice-
versa. Since the seismic signal vary rapidly in time
domain, its time-frequency plot expected to have a lot
of undulation as presented in Figure 5 and Figure 6.
Figure 5 presents the three dimensional plot of wavelet
coefficients and Figure 6 presents the contour plot of
the same data. Due to undulations in the three
dimensional plot, all of the features are difficult to
interpret. However, a contour plot provides an effective
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Figure 4: Shift the scaled wavelet to new time location and calculate wavelet coefficient.
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Figure 5: Three dimensional wavelet coefficient plot.
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Each light contrast region represents a
peak and dark contrast represent trough
in three dimensional plot. This feature is

referred as undulation in the data analysis
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Figure 7: Synthetic signal.
way to study all the features. Thus, in this research, x(1)= 000 <t< 02
contour plots.were used to st.udy the signals rather than x(1)= Sin(40n02 <t < 1.0
three dimensional plots. In Figure 5 the undulations are
plotted as ripples in the contour plot. In the analysis, x(t)= 010 <1< 26 (4)
these ripples are referred to as undulations as they are x(t)= Sin(101)2.6 <t< 3.1
crests and troughs in a three dimensional plot. x(r)= 03.1 <t< 32

Thus, contour plots can be used to extract the
information, both in global time and frequency domains,
efficiently and accurately. To demonstrate the
functionality of wavelet transformations, a synthetic
signal of known characteristics presented in Figure 7
and explained by Equation (4) is analyzed and the
wavelet coefficient map is generated using the wavelet
toolbox of MATLAB® 7.0.

The signal represented by Equation (4) consists of
two different frequencies - 40 hertz and 10 hertz
respectively. Thus, the PSD of this signal, generated
with inbuilt MATLAB® 7.0 functions, consists of two
spikes at 10 and 40 hertz (Figure 8). However, the
spectrum plot fails to locate these frequencies in the
time domain. CWT was performed with MATLAB® 7.0
on the signal given in Equation (4) and the wavelet
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coefficient map was plotted and is presented in
Figure 9.
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Figure 8: Power spectral density plot of the signal given by
equation 3.
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Figure 9: Wavelet coefficient map.

The plot of Figure 9 shows two distinct regions of
high color contrast that also correspond to the
presence of the non-zero signal in that time range.
Also, in the high contrast regions, the maximum color
contrast occurs at different scales. In the peak strength
region 1, the highest color contrast occurs around scale
71, corresponding to high frequency presence in the
corresponding portion of the signal. However, in the
peak strength region 2, the highest contrast occurs
around scale 120, corresponding to low frequency
presence in the corresponding portion of the signal.
Thus, it can be concluded from Figure 9 that a wavelet
coefficient map is able to provide information about the
frequency variation in time and can be used to detect

reflected waves from any cavity or obstacle that arrives
later than the signal from the incident wave directly
from the source.

A single mother wavelet was not used because it
would not be capable of analyzing all types of data.
The selection of the final mother wavelet relies on the
investigator's experience and judgment. The time-
frequency plot generated using a particular mother
wavelet would be accepted if the characteristic features
such as ripples and undulations in the high and low
scale regions are distinct. If the features are not
distinct, another mother wavelet must be selected.
Thus, for a wider range of applicability, families of
wavelets are expected to be a more efficient selection.

3. METHODOLOGY

The effect of voids in the soil media was examined
by qualitatively comparing the signal properties
acquired from controlled laboratory experiments on a
soil media, both with and without a void so as to
demonstrate proof of concept. For the controlled,
experimental study, a wooden box was constructed
and filled with readily available, easily managed soil
consisting of sand and gravel in two layers. A void of
known dimension was excavated in the soil mass in the
box at a known location. Seismic waves were produced
using a 7.25kg sledge hammer and a rubber mallet.
The vertical response of the soil mass surface was
recorded using a SignalCalc® 620 Dynamic Signal
Analyzer and GiscoTM SN4-4.5Hz digital grade
geophones. Finally, data was processed using the
MATLAB® 7.0 wavelet toolbox. In addition to the
experimental study, a numerical study was conducted.
The wave propagation phenomenon was simulated for
the laboratory soil box using the finite difference
method in the Wave® 2000 Pro software. The
experimental and numerical programs are discussed in
detail in the following sections.

3.1. Experimental Program

A wooden box of dimension 4.5m x 1.67m x 1.37m
(15"x576”x4’6” ) was constructed to simulate a limited
test sample of layered medium inside a laboratory. The
construction of the wooden box is presented in
Figure 10. Initially, the box was filled with two layers: 1)
0.5m (1’8”) thick bottom gravel layer; and 2) 0.76m
(2’6”) thick top sand layer. Both layers were
compacted using a powered, mechanical compactor.
The in-situ seismic refraction test was performed in the
full soil box without a void to determine the soil
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Figure 10: Wooden test box layout.

properties. The void detection test set up consisted of
11 channels with a receiver spacing of 0.305m (1")
from channel 1 to 9. Channel 10 is separated by 0.91m
(3") from channel 9 and 1.22m (4’) from channel 11,
as presented in Figure 11. A void of 0.46m (1°6”) long,
0.91m (3") wide, and 0.61m (2" ) deep was excavated
at a distance of 1.14m (3'9”) from the left edge of the
soil box. The energy source was placed at channel 1
so that the distance between the energy source and
void was maximized and near field effect was
minimized. The same soil box test setup was utilized to
capture the surface response with no void present.

Channel 1 is at the source location and thus there
will be minimal loss of impact energy in the data
received. Therefore, this channel was selected for data
analysis to approximate impact properties. As the wave
travels in the media, it experiences energy loss. There
are two main mechanisms for energy loss: damping
and dispersion. The damping energy loss is due to the
absorption of acoustic energy due to viscosity or other
imperfections of the soil media. Dispersion energy loss
is due to geometric spreading of the wave front. To
study the effects of damping behavior and dispersive
behavior, channel 10 was selected because it is

located at the maximum distance from the source.
Thus, seismic waves experience sufficient energy loss
due to both the dispersion effects and damping effects
before reaching channel 10. Also, channel 4, located
near the center of the soil box, was selected for
analysis to observe the change in the dispersion and
damping behavior as seismic waves travel across the
box. For the soil box test with a void, channel 4 is at a
sufficient distance from the void to capture surface
wave reflections from the void. The signals from both
channels 4 and 10 were analyzed in the time-frequency
domain to study the effects of dispersion and damping
or reflections from the void in order to mark the
signature in time-frequency plots.

3.2. Numerical Simulation of Wave Propagation

The finite difference method is a powerful tool used
to solve a large variety of conventional partial
differential equations. Due to the simplicity and
applicability of this method, finite difference is widely
used for solving partial differential equations of wave
propagation in the time domain. In this study,
Wave2000® Pro Version 2.2 finite difference software
was used for numerical simulation. The objective of the
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Figure 11(a): Test setup scheme in absence of void. (b): Test setup scheme for void detection.

numerical study was to simulate the wave propagation
phenomenon in voided elastic media and thus
investigate the effect of the voids on the receiver signal
time-frequency plot. This also serves to determine if the
numerical method accurately simulates such a physical
phenomenon.

Dimensions of the numerical simulation problem are
7.2m x 1.5m (237”x4’11”). Material properties and
their distribution taken from the soil box were
determined using a refraction test. Figure 12 presents
the numerical simulation problem domain and shear
wave velocity profile of the elastic media in the
simulated soil box. This problem was simulated with
three infinite boundary conditions imposed on the left,
right, and bottom boundary, and one free boundary

L= — x

condition at the top boundary to simulate the actual
ground conditions. The loading pulse was simulated
with a function describing a point source, acting on the
top surface as discussed by Zerwer, Cascante, and
Hutchinson (2002) [11]:

Ft
8(t)y=—51— 5
) 2@y (5)
In equation (5), F, alters the magnitude of the

excitation, y controls the frequency content of the
excitation, and f represents time. Source and receiver
locations in the numerical simulation model were the
same as the geophone locations in the soil box test
(Figure 11(b)).
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Figure 12: Numerical model setup.
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Figure 13: Time-frequency plot for channel 6 generated with 7.25kg (16 Ib) sledgehammer on soil box with void using different

types of wavelets.

4. CONTINUOUS WAVELET TRANSFORM
ANALYSIS

Laboratory data obtained from soil box tests were
analyzed using the MATLAB® 7.0 wavelet toolbox and
MATLAB® 7.0 programming platform. Codes were
written using the MATLAB® 7.0 programming platform
to plot the time-history of the signals from the selected
geophones to perform wavelet analyses and to
construct time-frequency plots of the geophone data.
The data processing was completed in three steps. In
the first step, the data from channel 6 was analyzed
with different types of wavelets to study the effects of
wavelet properties on continuous wavelet trans-
formation. In the second step, channels 1, 4 and 10 of
the soil box test setup without a void were analyzed. In
the final step, the same selected channels of the soil
box test setup with a void were analyzed.

4.1. Analysis Using Different Wavelet Families

The first two time-frequency plots (Figures 13(b)
and 13(c)) were generated using the Gaussian and
Mexican hat wavelets. The supported width of these
wavelets varies from -« to +« and has a bell shape.
However, the signal from the geophone is localized in
time, consists of numerous ripples, and is not smooth.
Due to differences in the shape of the original signal
and the mother wavelet, the CWT eliminates minor
details of the signal, and thus high scale (scale 64-128)
peaks are not distinct in the time-frequency maps. db1
and symlet2 wavelets have small supported widths and
large vanishing points for the supported widths and
their shape resembles the original signal. Due to the
similarity between the properties of the original signal
and these wavelets, the CWT resulted in minor details
in the time-frequency maps (Figure 13), including the
noise embedded with the system. These details
contaminated the time-frequency map and made the

data interpretation task more difficult. A db10 wavelet
was used in the final wavelet transformation (Figure
13(f)) because the db10 mother wavelet shape
resembles the shape of the original geophone signal
and also the properties of the signal. The db10 wavelet
resulted in filtering of small ripples caused by noise in
the time-frequency plots and thus all the features of the
signals in the high scale and low scale regions are
distinct (Figure 13(f)). Thus, this wavelet was used in
the final data analysis of the signals from the soil box
test both with and without a void.

4.2. Wavelet Analysis of Laboratory Soil Box Test
Data

A surface wave traveling in an elastic media, with
material properties as a function of depth, experiences
both dispersion and also material and geometric
damping phenomenon. Material and geometrical
damping results in signal power loss that is directly
proportional to the distance traveled by the surface
wave. In the absence of anomalies like voids, surface
waves do not encounter obstructions in the wave path,
therefore, any observation made in a time-frequency
plot of the receiver signal under such conditions can be
marked as a signature of the surface wave’s damped
and dispersive behavior. Seismic tests were conducted
on the soil box presented in Figure 11. The test was
performed using a 7.25kg (16 Ib) sledge hammer and a
rubber mallet as an energy source. Time-frequency
plots of the selected channels were generated with
db10 wavelets for scales from 1 to 128 with a scale
interval of 2 and are shown in Figure 14.

Figures 14(a), 14(b) and 14(c) present time-
frequency plots of channels 1, 4, and 10 for data
collected during the test conducted without a void and
were generated using a 7.25kg (16 Ib) sledgehammer.
Channel 4 and channel 10 signal time-frequency plots
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Figure 14: Time-Frequency Plot for Channels 1, 4, and 10 Generated from 7.25kg (16 Ib) Sledgehammer on Soil Box

without Void.

indicate uniformly damped undulations (see Figure 13(b)
and 13(c)). However, these undulations are absent in
the channel 1 data time-frequency plot (see Figure
13(a)). In the absence of any sub-surface anomalies
between channel 1, channel 4 and 10, only dispersion
and damping will effect the wave propagation. Thus, it
can be concluded that damped uniform undulations in
time-frequency plots of the signals from the seismic
wave tests is due to dispersion and thus can be
marked as the signature of surface wave dispersive
behavior. This observation was used in this research to
investigate the effect of voids on the signal properties
obtained from seismic test on soil box with a void.

For the laboratory test with a void (Figure 11(b)),
the same set of channels was analized to permit direct
comparisons. Channels 4 and 10 are at a sufficient
distance from the source so that waves experience
dispersion and damping behaviors. Channel 11 is also
at a sufficient distance from the void to capture surface
wave reflections from the void. MATLAB® 7.0 was
again used to perform continuous wavelet
transformation analysis on the data and construct time-
frequency plots. Time-frequency plots were generated
with db10 wavelets for scales from 1 to 128 with a
scale interval of 2.
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Figures 15(a, b and c) present channels 1, 4, and
10 data time-frequency plots generated as a result of a
7.25kg (16 Ib) sledgehammer impact on the soil
medium with a void. The channel 4 signal time-
frequency plot shows the signature of dispersion
behavior as damped uniform undulations (see Figure
15(b)), the same as concluded from the seismic test in
the soil box without a void. Unique low strength ripples
in the high scale (low frequency) region between
samples 300 and 700 can also be observed in this
time-frequency plot. However, these low strength
ripples are not present in the channel 4 signal time-
frequency plot obtained from the soil box test without

the void (Figure 14(b)). Therefore, it can be concluded
that low strength and high scale ripples are occurring
due to the reflections from the void surface because it
is the only difference in the test setups and thus can be
identified as the signature of the void-like anomaly. The
channel 10 signal time-frequency plot (Figure 15(c))
also shows the same damped uniform undulations as
observed in the channel 10 signal time-frequency plot
(Figure 14(c)) obtained from the soil test without the
void. However, low strength, low frequency ripples as
observed in the channel 4 signal time-frequency plot
(Figure 15(b)) are absent. From this observation it can
be concluded that the void or anomalies do not disrupt
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Figure 15: Time-frequency plot for channels 1, 4, and 10 generated from rubber mallet on soil box with void.
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Figure 16: Time-frequency plot for channels 1, 4, and 10 generated from 7.25kg (16 Ib) sledgehammer on soil box with void.

the time-frequency spectrum of the signals from
geophones placed after the void or anomalies.

A final set of laboratory tests were conducted on the
soil box test setup with a void. A rubber mallet was
used as the energy source. MATLAB® 7.0 was used to
perform continuous wavelet transformation analysis on
the data and construct time-frequency plots. Time-
frequency plots were generated with db10 wavelets for
scales from 1 to 128 with a scale interval of 2. Time-
frequency plots for channels 1, 4, and 10 data are
presented in Figure 16.

Figures 15(a) and 16(a) present the time-frequency
plots of the data from channel 1, located at the source,
and generated as a result of an impact from a 7.25kg

(16 Ib) sledgehammer and a rubber mallet respectively.
For a 7.25kg (16 Ib) sledgehammer impact, the major
portion of energy lies between 2 to 85, however, for a
rubber mallet impact, the major portion of energy lies
between scales 2 to 57. Thus, an impact from a rubber
mallet produces waves with a major portion of energy
in the high frequency (low scale) region, however, high
frequency waves have a higher attenuation rate than
low frequency waves (Zerwer, 2002). Thus, the
channel 4 CWT response as a result of a rubber mallet
impact demonstrates that the dispersion phenomenon
decays at a higher rate than the signal from a
sledgehammer impact. (Figure 15(b) and Figure 16(b)).
However, CWT plot characteristics are the same, not
only for channel 4 but also for channel 10, which is
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characterized by the absence of low strength and high
scale ripples. Thus, time-frequency plots of channels 1,
4 and 10 data generated as a result of a rubber mallet
impact on the void test setup (Figure 16(a), 16(b) and
16(c)) confirm the conclusions from the data analysis of
the signals as a result of a sledgehammer impact.
From this data analysis, it can also be concluded that
the dispersion effects or damping effects signature and
void signature in the time-frequency domain do not
change with source weight.

4.3. Wavelet Analysis of the Numerical Simulation
Data

Seismic tests conducted on the soil box were
simulated using Wave 2000® Pro Version 2.2 and the

;

scales a

—00LT)

100 200 300 400

receiver data was processed using the same protocol
that was used for the laboratory test data. Time-
frequency plots were generated with db10 wavelets for
scales from 1 to 128 with a scale interval of 2. Plots for
receivers 1, 4, and 10 are presented in Figure 17.

The channel 4 data time-frequency plot (Figure
17(b) presents uniform undulations, both in high scale
as well as low scale regions. Geometric damping
causes the surface wave dispersion to decay in the low
scale region, but the decay rate is less than the
decaying observed in the experimental results because
material damping was not considered in the numerical
simulation model. Attenuation is a very complex
phenomenon for simulation of wave propagation in a
dispersive media and it is also difficult to measure
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Figure 17: Time-frequency plot of receivers 1, 4, and 10 generated from numerical simulation.
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experimentally, thus it was not considered in the study
scope. The time-frequency plot of channel 4 data
presents a unique time-frequency spectrum signature
of voids as low strength ripples in the time-frequency
domain in the high scale (low frequency) region
between sample 350 and 700, similar to the laboratory
test results, that are absent from both the channel 1
and channel 10 data time-frequency plots. This channel
4 plot also shows the some reflections from the infinite
boundaries that are contaminating the plot. Because
the material attenuation was not considered in this
numerical simulation, these reflections were not
absorbed by the material. These reflections were not
present in the experimental data time-frequency plot
because the material had its inherent damping that
permitted absorption of any reflection from the
boundary. The channel 10 data time-frequency plot
consists of the dispersion behavior time-frequency
signature but no low-strength, high-scale signature of
voids, which confirms the conclusions from the
laboratory data analysis. This time-frequency plot has
same reflections as the channel 4 time-frequency plot
has infinite boundary and could not eliminate them.

5. SUMMARY AND CONCLUSIONS

This research investigated the effect of anomalies
such as voids on surface wave propagation by studying
the signal in the time-frequency domain using CWT.
The study also investigated the effects of different
types of wavelets on the CWT and developed a
protocol for the processing of seismic wave data for
void detection. Research was conducted in several
steps: the first step in the research program was to
develop a controlled experiment to study surface wave
propagation in voided soil media. A wooden box was
constructed and filled with sand and gravel in two
layers. A void of known dimension was excavated in
the soil mass at a known location. A refraction test was
conducted on the soil mass in the wooden mass to
compute the in-situ shear wave velocity profile of the
soil mass with the objective of creating a material
model and its spatial distribution for the finite difference
simulation capable of replicating the results from the
micro-seismic testing. A numerical simulation model
was created only for the surface wave propagation in
voided soil mass.

Based on the present research, it can be concluded
that different wavelet families can be used in CWT
analysis to study the seismic data signal properties
localized in the time domain. During the CWT analysis,
the shape and the properties of the mother wavelet

influence the analysis. The time-frequency plot features
generated from a CWT analysis can be used to
investigate the seismic wave propagation and thus can
be used to study its properties.

The time-frequency plot of the signal generated
using sledgehammer on the soil box test without a void
shows damped uniform undulations from low to high
scales. In the absence of any sub-surface anomalies in
the soil box, only dispersion and damping will effect the
wave propagation. Thus, damped uniform undulations
in time-frequency plot of the signals from the seismic
wave tests can be marked as the signature of surface
wave dispersive behavior.

The time-frequency plot of the signal generated
using a sledgehammer on the soil box test with a void
shows low-strength ripples in time-frequency plots,
usually in the high scale (low frequency) region apart
from the damped uniform undulations from low to high
scales. These low-strength ripples in the high-scale
region of the time-frequency plot of the signals from the
seismic wave tests can be marked as the signature of
the void-like anomaly. The low-strength high-scale
ripples were only observed in the time-frequency plot of
the data from the channels between the void and the
source. However, these ripples are absent from the
time-frequency plot of the signal from the channel
placed after the void. Thus, the void or anomalies do
not disrupt the time-frequency spectrum of the signals
from geophones placed after the void or anomalies.

The time-frequency plot of the signal generated
using a rubber mallet on the soil box confirms the
conclusions from the signal analysis of a
sledgehammer impact. Thus, the dispersion or
damping behavior signature and void signature in time-
frequency domain do not change with source weight.

For a sledgehammer impact, the major portion of
energy lies between 2 to 85, however, for a rubber
mallet impact, the major portion of energy lies between
scales 2 to 57. Thus, impact from the lighter weight
energy source produces waves with a major portion of
energy in the high frequency (low-scale) regions and
heavier energy source produces waves of both high
and low frequencies.

The present study focused on the effect of void-like
anomalies on surface wave propagation by studying
the signal in the time-frequency domain using
continuous wavelet transformation. A parametric study
to fully understand the effects of size and shape of
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voids on the time-frequency domain would be valuable.

In addition,

it would be useful to perform field

experiments and analyze the seismic data using the
wavelet transformation.
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