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ABSTRACT

A new approach based on the wavelet analysis of surface seismic waves for detection of
cavities under the airfield pavements is proposed. Seismic wave propagation in the pavement
system is simulated through a transient response analysis on an axisymmetric finite element
model. The airfield pavement system is modeled as a thick pavement layer over a homogeneous
half space. Detection and characterization of cavities of different sizes and shapes are
considered. The formulation of the continuous wavelet transform (CWT) is briefly discussed,
and its advantage over the traditional time and spectral analysis methods is demonstrated through
illustrative examples. The response of the pavement at different surface points is presented in the
wavelet based time-frequency maps. It is shown that the presence of the anomalies is reflected in
the time-frequency map of the surface response. Reflected waves from the boundaries of an
anomaly introduce new features of specific time and frequency characteristics in the wavelet
time-frequency maps. The characteristics of these features have been used to locate and
characterize the cavities.

INTRODUCTION

There are many reported incidents of airfield pavement failures, which have resulted from
subsurface voids caused by soil erosion near drain pipes. A number of theses incidents have even
led to accidents involving aircraft punching through the pavements (Malvar and Cline [1]).
Consequently, nondestructive detection and characterization of cavities under the pavements is
an important aspect of airfield pavement evaluation and maintenance. A variety of physical and
geophysical techniques are being tested and used for this purpose, such as the Heavy Weight
Deflectometer (HWD), Dynamic Cone Penetration (DCP), Ground Penetrating Radar (GPR),
gravity gradiometer, magnetic and electromagnetic induction, seismic methods, and imagery
analysis. However, none of theses methods is capable of providing a complete, unconditional,
solution to the cavity detection problem (Malvar and Cline [1]).

Seismic techniques are usually advantageous where there is a significant rigidity contrast
between the sought object and the medium. Therefore, seismic methods are expected to be
successful in cavity detection applications. These methods are based on either travel time or
spectral analysis of elastic waves generated in a medium due to an impact. Refraction and
reflection methods are the most widely used travel-time based seismic techniques. The former
usually fails to detect shallow cavities in a stratified medium. The latter is quite successful in
detection of deep cavities. However, reflection is difficult to utilize in near-surface cavity
detection applications (Cooper and Ballard [2] & Belesky and Hardy [3]). Spectral analysis of
surface waves (SASW) is the most widely known spectral based nondestructive seismic
technique. It has been primarily used in evaluation of elastic moduli and layer thicknesses of
layered systems (Nazarian et al. [4]). SASW technique has been used for detection of cavities in
several studies (Al-Shayea et al. [5], Gucunski et al. [6], & Ganji et al. [7]). It is important to
note that it has been found that the success in anomaly detection in this method is dependant on
receiver spacing and location, shear wave velocity, and damping of the surrounding soil medium
(Ganji et al. [7]).

Surface seismic techniques rely on the analysis of surface response of the medium to an
impact source. When a shallow cavity is present, reflected waves from near and far faces of the
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cavity change the near-surface wave patterns. The study of these changes is responsible for the
development of seismic cavity detection techniques. The reflections from cavity faces are of a
limited duration. It has been found that (Shokouhi et al. [8,9]) they have certain frequency
bandwidths. These facts suggest that a joint time-frequency analysis of the response could be
more efficient than analyzing it in merely one domain. Wavelet transforms are recently
developed mathematical tools, which can extract local and global time and frequency
information of a signal efficiently. Representation of the signal in the wavelet based time-
frequency plane has been used successfully to develop a procedure for detection and
characterization of shallow cavities in a homogeneous medium and under thin pavement layers
(Shokouhi et al. [8,9]). In this study, the method is applied to the problem of detection and
characterization of cavities under thick airport pavements.

Numerical simulations are used in this study to investigate the effects of shallow cavities on
surface wave patterns in pavement systems. Four cases of different pavement layer thickness,
cavity size, and shape are considered. The basic theory of continuous wavelet transform (CWT)
is discussed through a number of illustrative examples. For each case, the response of the
pavement at a number of surface points is presented in a wavelet time-frequency plane. The time
and frequency signature of the cavity in these maps are studied and used for cavity detection and
characterization. The results confirm the findings from the previous numerical and field studies
involving the detection of cavities in a homogeneous medium. Therefore, it is concluded that the
same procedures can be utilized where a thick pavement layer, such as that of an airfield
pavement system, is present. However, the extent of applicability and limitations of this method
needs to be evaluated through further laboratory and field experiments.

CONTINUOUS WAVELET TRANSFORM (CWT)

Travel-time based techniques for cavity detection do not provide any information on the
change in the frequency content of the response due to a presence of a cavity. On the other hand,
spectral analysis based methods rely only on the analysis of the response in the frequency
domain. It must be taken into consideration that when using Fourier transforms, the time of the
changes in the spectrum cannot be taken into account. Reflections from the cavity boundaries
change both the time history and the spectrum of the response recorded at surface points.
Therefore, a time-frequency analysis of the surface response can be advantageous over analyzing
it in merely one domain.

Wavelet transforms are fairly new mathematical tools, which can be used to present the
changing spectrum of a nonstationary signal in a time-frequency plane. A Wavelet transform is a
convolution between the signal and a set of analyzing wavelets. Wavelets are the scaled and
translated versions of a single function referred to as a mother wavelet. A mother wavelet v (7)

is a well-localized function in both time and frequency domains. A wavelet y, (z) at scale a

and time t is obtained through scaling and translating of the mother wavelet function
w (r)according to the following equation
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Var(7) =%w (t_TT) (1)

The continuous wavelet transform (CWT) of a signal x(z) using wavelet function v (7),
W, X, is defined through the convolution between x(z) and analyzing wavelets over a finite
range of scales as,

W, Xt = [X(@Wya(o)dr @)

where W;t (r) indicates the complex conjugate of v, (z) .If a signal correlates well with the
analyzing wavelet, the wavelet coefficient W _x_. will be large, otherwise, it will be small.

v at

Plotting wavelet coefficients W, x, , versus scale (which is a reciprocal function of frequency)

and time produces a representation of the signal in a time-frequency plane, which is referred to
as the signal wavelet time-frequency map.

Having varying bandwidth basis, a wavelet transform can capture both local and global time
and frequency information of a signal efficiently. The only constraint imposed on an integrable
function for being a wavelet is having a zero mean in the time domain, or a zero DC (direct
current) offset in the frequency domain. Therefore, a variety of different types of wavelets have
been developed for different analysis purposes. Out of all of the families of wavelets examined,
Gaussian real wavelets have shown to be the most appropriate wavelets for this study and thus
have been used in the analysis. The Gaussian mother wavelet function and its scaled and
translated version are defined by the following equations:

w(r)=—1.786" 3a)
t—r.0
1 t— -
Var(r) == (1.786)( aT>e a (3b)

To illustrate the concept of CWT, a wavelet analysis of a synthetic discrete signal of known
characteristics is presented. The signal is obtained from 2048 evenly spaced samples of the

following function over the interval 0 <t <1g:

x(t) = sin(35t)e 200025 | (sin(200t) + sin(35t) ) ~200(-08)° (4)

There are two main terms in the signal. The first term contains a sine function of a frequency
of about 5.6 Hz. The second term is a combination of two sine functions of approximate
frequencies of 5.6 and 31.8 Hz. The signal and its Gaussian CWT time-frequency map are shown
in Figure 1. The three components of the signal are clearly distinguishable in the wavelet map.
This indicates that the prominent portions of the map are aligned directly below the
corresponding portions of the signal. As it is expected, the frequency coordinates of these
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prominent portions match with the frequency of their corresponding terms in the signal. As it can
be clearly seen, the wavelet time-frequency map provides not only the frequency information of
the signal but also the time bandwidth of the occurrence of each frequency component.

FINITE ELEMENT MODEL

A typical surface seismic test setup consists of a seismic impact source and a number of
receivers on the surface of the medium. Surface seismic techniques are based on the analysis and
interpretation of the medium surface response recorded at receiver locations. The seismic test is
simulated herein through a transient response analysis on an axisymmetric finite element model
of the pavement system. Assuming that the wave propagation occurs in a vertical plane, and no
lateral reflected waves are present, the medium can be described as an axisymmetric model with
an impact force applied at the origin of the system. Because of a very low strain level induced in
the medium, the materials are assumed to be linearly elastic. The shear wave velocities in the soil
medium and the pavement layer are considered to be as 150 m/s and 450 m/s respectively. The
impact is described by an impulse of a trapezoidal shape of 1-KN amplitude and 5-ms duration.
Certain criteria are imposed to ensure that the finite element analysis simulates accurately the
surface wave propagation (Ganji et al. [7], Zerwer et al. [10], & Shokouhi et al. [9]). The soil
medium is described as a 55-m wide and 35-m deep model discretized by axisymmetric
quadratic elements. The smallest element size is 0.25 m (one forth of the smallest dimension of
the cavity). The mesh is very fine between the source and the first receiver location. The element
size gradually increases towards the boundaries in both directions. For the maximum frequency
of interest of about 150 Hz, a time step of 250 s is chosen for the analysis. The finite element

mesh is displayed in Figure 2.
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Figure 1- lllustration of Continuous Wavelet Transform (a) Analyzed Synthetic Signal, (b)
Signal Gaussian Wavelet Time-Frequency Map.
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The characteristics of the different cases of pavement systems considered in this study are
listed in Table 1.

Figure 2- Finite Element Mesh.

Table 1.
Characteristics of different cases.
case | PNt | Thicines |caviy | (SO | Oy | caviy | ol
(cm) (m)

1 X 50 - - - - -
2 X 25 X 1.0 1.0 1to?2 10to 11
3 X 50 X 1.0 1.0 1to?2 10to 11
4 X 50 X 2.0 1.0 1to?2 10to 12
5 X 50 X 1.0 2.0 1to3 10to 11
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WAVELET TRANSFORM ANALYSIS

The seismic impact generates different types of elastic waves in the medium. An abrupt
change of impedance on the cavity boundaries results in the reflection of waves towards the
impact source. This phenomenon is clearly illustrated in Figure 3, where the normalized time
history surface is plotted for Case 2. The position of the cavity is marked in the figure by two
dashed lines. It can be observed that packets of waves propagate along straight lines in the
receiver location-time plane. The slopes of the lines define the group velocity of the wave
packets and can be used to identify the wave packet type. Two Rayleigh waves reflected from
the cavity are shown. The Rayleigh waves correspond to the waves reflected from the near and
far faces of the cavity. Because of the conversion of waves from one type to another, a number of
other reflected wave components are generated close to the cavity. The reflected wave
components can be identified only in enlarged plots. Since the surface waves dominate the wave
field near the surface, the influence of other types of incident and reflected waves is low, and in
most cases may be ignored in the analysis.

The reflected surface waves from the cavity boundaries change the time and frequency
characteristics of the surface response. To investigate the effects of subsurface cavities on the
near-surface wave patterns, the response at different surface points (receiver locations) for each
case is analyzed using Gaussian wavelet transform, and presented in the form of wavelet time
frequency maps. These changes have been used to locate and characterize the cavities.

0.06 Time (sec)
0.04

Figure 3- Normalized Time History Surface for Case 2.
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A typical surface record and its corresponding Gaussian wavelet time-frequency map is
illustrated in Figure 4. It can be observed that the changes in the signal appear as peaks in the
wavelet time-frequency maps. The first four peaks (peaks I, Il, 1l and, 1V) clearly mark the
arrival of different components of incident waves; the last three peaks (peaks V, VI and, VII)
correspond to the changes in the signal due to the arrival of reflected waves from the cavity
boundaries. On the other hand, the frequency characteristics of each peak demonstrate the
frequency distribution of the signal over the duration of the peak. Therefore, wavelet transform
provides a localized time-frequency representation of the surface response.
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Figure 4- (a) A Typical Surface Record, (b) The Corresponding Wavelet Time-Frequency Map.

To study the effects of cavities, the wavelet time-frequency maps for the response at a
distance of 6.0 m (from the source) for all cases are presented in Figures 5 and 6. Peaks I, 11, 11,
and 1V in Figure 5(a) clearly mark the arrival of different components of elastic waves generated
in the medium, namely, compression, shear and surface waves. Comparing Figures 5(b) and (c)
to Figure 5(a) demonstrates the changes in the response due to the presence of the cavity.
Although incident wave peaks (I, 11, 111 and, 1V) are still present, a new set of peaks (V, VI and,
VI1) appears in these Figures. These peaks apparently mark the arrival of the reflected waves
from the two faces of the cavity. Since the cavity is in the same distance for both cases, the time
position of the reflection peaks are almost the same in Figures 5(b) and (c). However, the thicker
pavement layer in Case 3 causes a slight shift of the reflection peaks to the left which is a direct
consequence of wave traveling in a faster medium. Knowing the surface wave velocity of the
medium, the location of the cavity can be estimated from the time position of the reflection
peaks. The time difference between the reflection peaks ,as well as their time bandwidths in each
case, are controlled by the width the cavity. As expected, is the same for Cases 2 and 3.

The effects of size and shape of the cavity are investigated in Figure 6 where the wavelet
time-frequency maps for Cases 4 and 5 are presented. The wider the cavity, the longer the time
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delay between the arrivals of the reflected waves from its near and far faces. Therefore, the
reflection peaks are expected to become wider and better separated. This fact can be easily
viewed in Figure 6(a). On the other hand, as the width of the cavity increases, the frequency of
the reflection peaks decreases. The decrease in the peak frequency is attributed to a decrease in
the natural frequency of the cavity. Therefore, wider cavities cause wider well-separated
reflection peaks of relatively lower frequency. Having the surface wave velocity of the medium,
the time difference between these two peaks can be easily used to estimate the width of the
cavity. An increase in the height of the cavity results in stronger reflections and more
pronounced reflection peaks (Figure 6(b)). The reflection peak in this case covers a broader
frequency range and is of higher energy. However, having the same width as that of the cavity in
Case 2, the time bandwidth of the reflection peaks remains unchanged.
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Figure 5- Wavelet Time-Frequency Maps for Response at Distance 6m from the Source for (a)
Case 1, (b) Case 2 and, (c) Case 3.
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Figure 6- Wavelet Time-Frequency Maps at distance 6m from the Source for (a) Case 4, (b) Case
5.

The results presented in Figures 5 and 6 were the analyses of the surface response for
different cases at a single receiver location (at a distance of 6m from the impact source). In
practice, analysis of the response at a single surface point would not be generally sufficient. To
study the changes in the response at different receiver locations, wavelet time-frequency maps
for Cases 2 and 3 at different receiver locations in front of the cavity (5m, 6m, 7m, 8m, 9m and,
10m) are presented in Figures 7 and 8 respectively. As it can be observed, reflections from the
cavity boundaries are easily identified for all the receiver locations in front of the cavity. Yet,
there is no noticeable signature of the cavity in the wavelet maps at receiver location 10m, where
the near face of the cavity is located. Therefore, having the surface response at different
directions, the cavity is located along the line where a similar pattern of changes is observed.
Also, the location of the cavity can be easily estimated as close to the receiver locations where
the reflection peaks vanish.
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Figure 7- Wavelet Time-Frequency Maps for Casel at (a) 5m, (b) 6m, (c) 7m, (d) 8m, (e) 9m, (f)
10m from the Impact Source.
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Figure 8- Wavelet Time-Frequency Maps for Case2 at (a) 5m, (b) 6m, (c) 7m, (d) 8m, (e) 9m, (f)
10m from the Impact Source.

The results and observations presented in this paper are quantitatively very similar to those
reported by the authors [8,9] for cavity detection in a homogeneous medium. Therefore, it is
concluded that a very similar cavity detection scheme can be utilized for location and
characterization of the cavity under the airfield thick pavement systems.
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CAVITY DETECTION SCHEME
Based on the wavelet analysis results, the following scheme for cavity detection is proposed:

1. Obtain and analyze the surface response for different radial directions, as well as a
number of receiver positions along each direction, and present the results in the form of
time-frequency maps.

2. Compare the pattern of changes in the time-frequency maps for each direction to those
shown in Figures 7 and 8. Choose the direction for which the changes in the maps
resemble the most those in the presented pattern. If necessary, obtain the surface response
in the selected direction at smaller receiver distances.

3. Approximate the location of the cavity based on the pattern of changes of time-frequency
maps. The cavity is located near the receiver position where the reflection peaks vanish.

4. Calculate the distance of the near side of the cavity from the time position of the
reflection peak in each time-frequency map (for each receiver position). The accuracy
will increase if calculated for different locations and averaged.

5. Calculate the width of the cavity from the time bandwidth of the reflection peak. The
accuracy will increase by averaging the time bandwidth for different receiver locations.

6. Determine the shape of the cavity from the time and frequency characteristics of the
reflection peak. If the cavity is wide enough, the reflection peak will be recognized by
two distinguished hats, a low peak frequency and a narrow frequency bandwidth. The
vertical elongation results in peaks of significantly higher energy levels and broader
frequency ranges.

7. Cavities with an embedment depth of more than two times their size will be difficult to
detect. In general, increasing the depth will result in reflection peaks of lower energy and
narrower frequency bandwidths.

CONCLUSION

A new technique for subsurface void detection under the airfield thick pavements using
wavelet transforms of the surface seismic response is proposed in this study. The technique is
verified numerically using extensive finite element analysis of thick pavement systems. The
results were found to be very similar to the findings from the previous numerical and field
studies where the same technique was deployed for detection of cavities in a homogeneous
medium and under roadway pavement systems. Based on the proposed technique, a step-by-step
cavity detection scheme was given. Although the conducted preliminary field tests confirm the
results obtained from the numerical studies, the method needs further experimental verification.
The potential of using the proposed scheme for detection of cavities under the airport pavements
should be evaluated through laboratory and field experiments. This task is the continuation of
this ongoing research.
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