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Abstract. A very common problem in concrete bridge decks is corrosion induced
delamination. Impact echo (IE) is one of the nondestructive techniques used in the
bridge deck condition assessment and monitoring to detect presence and position of
a delamination. To detect a delamination, the IE technique relies on finding the peak
frequency in the spectrum of the signal recorded on the surface of the deck, close to
an acoustic impact source. Although, the IE technique has been proven successful in
detection of delamination, in many cases its application can be limited to specific
situations. For example, large amplitude surface wave components in the signal in
proximity of the edges, or the presence of other heterogeneities (e.g. steel bars), may
introduce additional frequency peaks. As such, they can mask or change the
characteristics of the peaks in the response spectrum that may result in erroneous
data interpretation. To enhance interpretation in such situations, a time-frequency
analysis of the surface response is proposed as a complementary data analysis tool
for the interpretation of the IE results. Presenting the signal in a 2-D time-frequency
plane provides an opportunity to distinguish various sources of acoustic emission
inside the deck. The approach makes it possible to exclude frequency components
contaminating the spectrum. A number of different time-frequency techniques are
compared in detection of a planar delaminated surface in a concrete specimen of
finite dimensions. It is shown that the time-frequency analysis is effective in
enhancing the IE data reduction and interpretation.

Introduction
Health monitoring of highway bridges on a regular basis is essential for their effective and
economic management. Bridge deck condition evaluation constitutes a significant part of
the health monitoring effort. It enables early detection of deterioration, whether the
deterioration manifests itself through material degradation or defect generation. Early
detection of progressive defects leads to the development of a cost-effective maintenance
plan based on preventive rather than corrective treatments. Nondestructive testing (NDT)
techniques provide means for objective condition evaluation of concrete bridge decks.
One of the most common problems in concrete bridge decks is a corrosion induced
deck delamination. The current practice of deck inspection by chain dragging is
nondestructive and relatively fast. However, it is highly subjective and can only be used to
identify delaminations at stages where the deterioration has already progressed to such an
extent that major rehabilitation measures are needed [1]. High frequency seismic/ultrasonic
NDT methods successfully overcome many of the limitations of chain dragging. It has been
demonstrated that impact echo (IE), an ultrasonic seismic technique, can detect and assess
delaminations at various deterioration stages [1,2,3] using devices that perform automated
data collection and analysis [4,5]. However, precise interpretation of the collected data has
yet to be fully defined and automated [6].
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The data analysis in IE includes transformation of the record into the frequency
domain and inspection of the resulting spectrum for peaks corresponding to the frequency
of reflections from the reflecting interfaces beneath the surface of the deck. The
interpretation of the IE spectrum is not always straightforward. When the deck is in a fair or
poor condition, the IE spectrum usually contains multiple frequency peaks and is not
always easy to interpret [1,6,7]. Surface waves and ambient noise in the record further
complicate the IE data interpretation [4,8]. Therefore, under many practical circumstances,
relying only on the spectrum is not sufficient for accurate interpretation of IE results.
In this paper, time-frequency analysis is proposed as a complementary analysis tool
to enhance the interpretation of IE test results. The advantages of using a two-dimensional
time-frequency analysis over a one-dimensional spectral analysis are pointed out.
Application of a number of available time-frequency techniques in the analysis of IE signal
is investigated. Fundamental principles behind each technique, their applicability and their
limitation in interpretation of IE results are briefly discussed. The techniques are compared
through the analysis of an experimental record. It is shown that the time-frequency analysis
can be effectively used to complement the spectral analysis in the IE data interpretation.

1. Impact Echo
The IE testing procedure is very simple in principle. A mechanical impact is applied on the
surface of the deck to generate elastic waves in the concrete. The wave components
reflected off the bottom of the deck, as well as those scattered and reflected from the
heterogeneities within concrete, the echoes, are recorded by a receiver located on the
surface close to the impact source. The data analysis includes transformation of the record
into the frequency domain and inspection of the resulting spectrum. The peaks in this
spectrum correspond to the frequency of reflections from the reflecting interfaces beneath
the surface of the deck. Because of the significant contrast in the impedance of concrete and
air, any interface like delaminations, cracks and cavities, is a perfect reflector of an
incoming elastic wave. In a case of a sound deck, such an interface exists only at the bottom
of the deck (Figure 1). Therefore, a large portion of the input energy is reflected back from
the bottom. The spectrum will be, therefore, dominated by a pronounced peak at a return
frequency f r ,
fr =

VP
2T

(1).

VP is the compression wave velocity and T is the total thickness of the deck (Figure 1). In
the case of a delaminated deck, a portion of the elastic wave energy will be reflected back
from the interface created by the delamination. A part of the energy will still be reflected
from the bottom of the deck. Therefore, other than the return frequency f r , the spectrum
will show a number of higher frequency peaks f d , corresponding to the frequency of
reflections from delaminations at a depth d < T ,
fd =

VP
> fr
2d

(2).

The relative amplitude of the peaks depends on a number of factors, including the extent,
depth, continuity and location of delaminations, as well as the frequency content of the
impact source [1,6,7,9].
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IE testing and data analysis on sound and delaminated concrete decks.

In the case of a shallow and large defect, the part of the deck above the delamination
may act as a plate-like structure undergoing flexural vibrations. One or more flexural modes
of vibration of this thin concrete section may be excited. In general, the value of the flexural
frequency f f is significantly lower than the delamination frequency. The amplitude of the
surface displacement due to flexural vibrations is higher than the same due to wave
reflections [4,10]. Therefore, low frequency peaks in the spectrum are an indication of
shallow and severe defect. In this case, the depth of the defects can not be estimated.
Interpretation of IE test results is based merely on the analysis of the IE signal in the
frequency domain. Fourier transform is used for transforming the IE signal from the time
domain into the frequency domain. The IE spectrum is examined to obtain the frequencies
and relative amplitudes of the dominant peaks. As described above, the condition of the
deck will be assessed based on the values of the observed dominant frequencies relative to
the return frequency f r . In practice, however, it is not always easy to identify the frequency
corresponding to the target echoes in the spectrum of the IE signal. The IE spectrum of a
delaminated deck usually contains multiple frequency peaks. Their corresponding
frequencies and relative amplitudes depend on the location, size, depth and continuity of the
delamination, as well as the impact duration. It was also shown that [6,7] delaminations
located away from the IE source and receiver, may introduce additional frequency peaks in
the IE spectrum. Furthermore, large amplitude incident surface waves and echoes from
boundaries of the structure may obscure the frequency of the desired target echoes [1,4,8].
Finally, the heterogeneous nature of reinforced concrete introduces a high level of noise
which can greatly complicate the interpretation of the IE spectrum [11]. Therefore, the
frequency domain analysis of the IE signal is not always sufficient for interpretation of IE
results for condition assessment of concrete decks. A number of theses difficulties arise
from the definition of Fourier transform and its inadequacy for analysis of IE signals.
Limitations of the Fourier transform-based spectral analysis of nonstationary
signals, such as IE records, are briefly discussed in the following section. Time-frequency
analysis is introduced and proposed as a complementary analysis tool for better
interpretation of the IE test results.
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2. Time-Frequency Analysis
Fourier transform has traditionally been used to obtain the frequency content (or Fourier
spectrum) of a signal. The spectrum gives the distribution of energy of the signal among its
constituent frequency components. However, Fourier coefficients are the averaged spectral
amplitudes over the entire duration of the signal. Therefore, Fourier transform is an ideal
tool for spectral analysis of periodic and stationary signals for which the distribution of
energy is uniform throughout the signal.
An IE record is clearly a non-stationary signal with non-uniform frequency
characteristics. Because of a short duration of the impact and damping of seismic waves
propagating in concrete, the IE signal has a transient nature. When surface waves are not
very strong, the structure is simple (ambient noise is minimal) and the reflections are
clearly recognizable, the spectrum is sufficient to distinguish the frequency peaks of target
echoes. However, incident surface waves usually add artificial energy to the IE spectrum
over a wide range of frequencies. Furthermore, the target echoes and ambient noise may not
be always separable in the frequency domain. Finally, it is sometimes hard to interpret
frequency peaks in the IE spectrum when there are multiple reflector interfaces. Therefore,
a complementary analysis method, more appropriate for processing of non-stationary
signals is needed.
The insufficiency of spectral analysis of noisy IE signals is illustrated by some
experimental results. The data is obtained on a surface of an artificially delaminated
concrete specimen. The dimensions of the test specimen along with the experimental setup
are shown in Figure 2(a). The data was collected by a new IE scanner system developed at
the University of Texas at El Paso. As shown in Figure 2, the impact source is fixed at a
distance 0.06 m from one edge of the concrete specimen. The scanner is moving
automatically across the test specimen in the direction shown in Figure 2(a) and records the
surface response at specified locations. The signal shown in Figure 2(b) is recorded at a
distance of 0.09 m from the impact source. The signal has 4096 points and is recorded with
a sampling frequency of 625 KHz. The spectrum of the signal is shown in Figure 2(c). The
surface wave velocity is measured as 2117 m/s. Assuming a Poisson’s ratio ν = 0.2 for
concrete, the compression wave velocity V P is obtained as 3780 m/s.
Because of the limited dimensions of the test specimen, the surface records are
expected to be very noisy. The incident surface wave components, as well as the “returned”
attenuated surface waves traveling all around the specimen, are included in surface records.
Body wave reflections from the side walls of the specimen also contaminate the records. In
this record, the surface wave components are not strong, compared to the large amplitude
structural oscillations. Since the impact excites the natural modes of oscillations of the
finite test specimen, large amplitude waves of low frequency will be present in the signal.
As a result, higher frequency reflections from the bottom of the specimen or the
delaminated plane can not be recognized in the time history of the signal shown in Figure
2(b). The spectrum of the signal is dominated by two very low frequency peaks at 1.2 and
2.2 KHz. Reflections from the bottom of the slab and the delamination have frequencies
of.7.4 and 14.9 KHz, respectively. However, because of the ambient noise, neither f r
nor f d can be singled out in any of the spectra shown in Figure 2(c). It should be noted that
the longer this record is, the more ambient noise it contains. Therefore, the spectrum
obtained from longer records is expected to be noisier. The spectrum of the full signal was
compared to those for the truncated signals (not shown here). While it was observed that
lower frequency peaks are less pronounced in shorter records, those still dominated the

4

spectrum even when only the first 1/8th of the record (512 data points) was considered in the
spectral analysis [6].
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(a) Experimental setup, (b) Noisy IE signal and (c) IE spectrum.

Time-frequency analysis will be used here as a complementary tool for studying
complex IE signals. Using this technique, the changing spectrum of the IE signal can be
pictured in a two-dimensional time-frequency plane. The surface wave component, the
echoes from the geometrical borders or heterogeneities inside the reinforced concrete slabs
are separable from the target echoes (reflections from the bottom of the slab or
delaminations) in time and/or frequency domains. Therefore, a 2D time-frequency
representation of the signal provides an opportunity to distinguish the target echoes in a
noisy IE signal, which could go undetected in a FFT-based averaged spectrum.
The advantages of using time-frequency data analysis in applications involving nondestructive evaluation (NDE) of structures have been recognized by many researchers
[11,12,13,14,15]. Time-frequency analysis has been recently applied to the analysis of IE
signals as well [8,14,16]. Short-time Fourier transform (STFT) was adopted in some of
these studies to obtain the time-frequency representation of the IE signals. Abraham et al.
[16] used STFT to study the changing spectral properties of complex numerical and
experimental IE signals. They showed that time-frequency analysis can improve the
interpretation of IE results. Kim et al. [8] used a simple normalization scheme to modify the
STFT representation of the signal. By summing the normalized time-frequency coefficient
at every frequency, they obtained a modified spectrum, where the target echoes were more
emphasized.
Beside STFT, a number of other time-frequency analysis techniques are available.
Fundamentals of STFT and one more recent time-frequency method, continuous wavelet
transforms (CWT) are presented in this paper. Potential applications and limitations of each
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technique in the analysis of IE signals are investigated. The application of a number of
alternative techniques such as discrete wavelet transform (DWT) [17] and recently
developed Hilbert-Huang transform (HHT) [18] to the analysis of IE data has been explored
[6] and will appear in subsequent publications.

2.1 Short Time Fourier Transform (STFT)
STFT or spectrogram is the most basic available technique for the time-frequency analysis.
If the signal is windowed in the time domain using a short duration window function, a
short section of the signal is obtained. Fourier transform of this section gives an
approximation of the instantaneous frequency content of the signal at the time instant of the
center of the window. A time-frequency distribution can be obtained by successively
sliding the window function along the time axis and calculating Fourier transform of the
windowed signal at each time location. For a time signal x(t ) and a window function g (t ) ,
STFT can be defined as

STFT (t , f ) =

+∞

∫ x(τ ) g

*

(τ − t )e −i ( 2πf )τ dτ

(3).

−∞

where * denotes the complex conjugate.
The spectrograms of the same noisy experimental IE signal (shown in Figure 2(b))
using Gaussian windows of different durations are presented in Figure 3. To emphasize the
latter part of the signal, the STFT coefficients at each time step are normalized [8,16]. The
time-frequency distribution of the energy of the signal can be studied in these spectrograms.
However, the characteristics of the spectrogram are shown to be highly dependent on the
size of the sliding window. As the duration of the window increases from 0.032 ms to 0.8
ms (Figure 3 (a) to (d)), the STFT analysis provides time-frequency pictures of the signal
with a poorer time resolution and better frequency resolution. In another words, the time
location and duration of the target echoes can be best seen when the window is relatively
short (Figure 3 (b)). To obtain the frequency of reflections, on the other hand, the
spectrograms corresponding to longer windows are more favorable (Figure 33 (c),(d)).
Based on any of the spectrograms shown in Figure 3, one can conclude that a large
portion of the energy of the signal is coming from a global low frequency trend. However,
the two low frequency peaks at 1.2 and 2.2 KHz (Figure 2 (c)) are not distinguishable in
any of these spectrograms. The reason is that the frequency resolution in these spectrograms
is not sufficient to separate these two frequency components. The presence of a high energy
high frequency wave component at the beginning of the signal can be detected in Figure
3(c) and (d). Having a center frequency of about 15 KHz, it is easy to conclude that the
observed high energy section is a result of reflections from the delaminated plane within the
concrete specimen. Although the reflections are of considerable energy, because of their
limited duration, they do not appear as strong peaks in the spectrum. However, they are
easily distinguished in the STFT spectrograms of sufficient frequency resolutions.
STFT is very simple and efficient to implement and therefore, is still the most
popular time-frequency analysis method. However, since STFT relies on the traditional
Fourier spectral analysis, it inherits many of the limitations associate with Fourier
transform. Furthermore, as it was shown here, using windows of different durations results
in very different spectrograms. Without a priori knowledge about the structure, the
appropriate window size is very difficult to determine. Therefore, to capture both local
characteristics of the signal and different frequency features, a number of STFT analysis
using windows of different sizes should be carried out.
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2.2 Continuous Wavelet Transform (CWT)
The wavelet transform provides a time-frequency distribution similar to that obtained by
STFT analysis, with a few important differences. The wavelet transform is
+∞

t −b
(4)
)
a
a
−∞
where * denotes complex conjugate and ψa,b(t) is a wavelet at scale a and location b . ψa,b(t)
is a scaled and translated version of a single function called “mother” wavelet ψ(t). As a
changes, ψa,b(t) covers different frequency ranges (large values of the scaling parameter a
correspond to low frequencies, small values of a correspond to high frequencies). Changing
the parameter b allows movement of the time localization center; each ψa,b(t) is localized
around t=b. Therefore, similar to Equation (3), Equation (4) provides a time-frequency
description of x, sometimes called a scalogram [17]. Both STFT and CWT use the inner
products of x(t) with a family of functions. In the case of STFT analysis, the analyzing
functions are windows gf,t(τ)=g(τ-t)e-i(2πf)τ, and for CWT are wavelets ψa,b(t). The main
difference between the two is in the shape of the analyzing functions gf,t and ψa,b(t). All
functions gf,t consist of the same envelope function g of the same time duration, translated
to the proper time location (t), and “filled in” with higher frequency oscillations of
frequency f. In contrast, ψa,b have time-widths adapted to their frequency: higher frequency
ψa,b are very narrow while low frequency ψa,b are much broader [17]. Therefore, wavelet
Wψ , x (a, b) =

∫ x(t )ψ

*

a ,b

(t )dt = x,ψ a ,b

where ψ a ,b (t ) =

7

1

ψ(

transform can be regarded as an adjustable window Fourier spectral analysis [18]. As a
result, the wavelet transform is better able to “zoom in” on very short-lived high frequency
characteristics, such as transient signals [17]. This characteristic of CWT makes it a more
appropriate tool for the analysis of transient non-stationary data, such as IE signals.
The experimental IE signal shown in Figure 1(b) is analyzed using Gaus10 from the
Guassian family of wavelets [6,17] and the corresponding normalized scalogram is shown
in Figure 4. The wavelet transform clearly provides an efficient time-frequency
representation of the signal. Different frequency components of the signal and their
duration can be identified in the scalogram. One approach to interpret and quantify the
time-frequency information of scalograms involves selecting a number of peaks in the timefrequency distribution of the signal. Peaks with relative normalized amplitudes above a
certain threshold are selected. In the next step, based on their corresponding frequency
coordinates, the selected peaks are categorized into a number of “peak sets”. The final step
is to plot the designated “peak sets” in a time-frequency plane. The plots give approximate
duration and average frequency for each set. This procedure has been applied to the
scalogram in Figure 44 and the results are presented in Figure 55. The average frequency
for each peak set is calculated and the values are shown in Figure 5(b). The low frequency
components show average frequencies of 1.1 KHz and 2.3 KHz, which are very close to
those expected at 1.2 KHz and 2.2 KHz. However, the average frequency of the reflected
waves was obtained as 13.7 KHz, which is 8% lower than the expected value of 14.9 KHz.
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3. Conclusions

Time-frequency analysis was used as a complementary analysis tool to enhance
interpretation of IE test results. While both the short time Fourier transform (STFT) and
continuous wavelet transform (CWT) techniques can be used for this purpose, the wavelet
transform has shown to provide a more efficient tool for extracting time and frequency
information of the signal.
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