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Abstract

Impact sounding has been recognized as an effective technique to detect delamination in
concrete structures, such as concrete decks. An enormous amount of sounding data can be
generated/collected by the autonomous inspection systems equipped with impactors and
microphones. However, the main challenge in the practical application of this technology is the
development of advanced data analysis approaches for identifying defects from impact sounding
data. In this study, the empirical mode decomposition (EMD) analysis and power-spectral
density (PSD) analysis are combined to extract useful features of sounding data generated by the
impact hammer. It has been found that the EMD method can effectively eliminate noise from the
captured data during the identification of features such as the fundamental frequency. Based on
extracted features, a defect contour of the inspected structure can be generated for fast decision
making and reliable inspection ratings of concrete structures.

1. Introduction

Impact sounding has been proven to be more effective than the ground penetrating radar (GPR)
to detect delamination in concrete structures, and cable ducts and anchorages (Scott et al. 2003,
Hurlebaus et al. 2017). The main challenge in the practical application of this technology is the
development of advanced analysis approaches for impact sounding data that can be used for
identifying defects. For example, methods such as power-spectral density analysis, evolutionary
neural network, principal component analysis and time-domain features analysis have been used
by researchers in assessing the bonding integrity of the tile-walls (Tong et al. 2006a, Tong et al.
2006b, Tong et al. 2008, Luk et al. 2010 and 2011). Their work has shown the effectiveness of
impact sounding approach in detecting bonding integrity of tile walls. In their studies, the effects
of noise have been recognized as the main issue that affected the quality of the results. Compared
with tile walls, the surface of the concrete bridge deck is considered to be rougher or more
irregular, which could cause more noise when impact sounding is used (Popovics 2010).
Recently, Sun et al. (2018) proposed a new type of ball chain to reduce the noise from the
conventional chain dragging for concrete delamination detection. However, chain dragging
devices are mainly used for scanning the top surface of the bridge decks, which have limited
applications for inspecting other concrete structures, such as columns, beams, and the bottom
surface of the deck. Hammer sounding has been recognized as a more
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versatile way to detect local delamination in a variety of concrete structures, while the noise
issues associated with hammer sounding have not been well resolved (Popovics 2010).

In this research, the empirical mode deposition (EMD) method and power-spectral density (PSD)
analysis are used to extract useful signals from hammer sounding data for the defect detection on
an engineered concrete slab. It is found that the EMD method can effectively eliminate noise
from the captured data during the identification of features, such as the fundamental frequency.
The extracted fundamental frequencies from the hammer sounding data are found to be able to
detect different defects in concrete structures, such as shallow delamination, honeycomb, and
void. Further work should be carried out to study the effect of hammer size on defect detections
in concrete structures, especially for deep delaminations.

2. Impact Sounding Test description
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Fig. 1. Design of the concrete slab with engineered defects

In order to collect test data to develop/verify signal processing tools, a concrete slab with known
engineered defects at the Turner Fairbanks Highway Research Center of FHWA has been tested.
Fig. 1 shows the layout of the slab. The dimension of the slab is 40 inch by 120 inch and it has a
thickness of 8 inch. In the slab in Fig. 1, four different artificial defects were designed and
embedded in the concrete slab: shallow delamination, honeycomb, void, and deep delamination.
The delaminations were simulated by plexiglass sheets, which were placed at depth of 2.5 and 6
inches. The honeycomb was created by loose aggregates and the void defects were built using
styrofoam board. Detailed information about the construction of the slab with defects can be
found in Lin et al. (2018).

Fig. 2(a) shows the setup of sounding excitation and data acquisition systems. A conventional
hammer was used as the sounding source to excite the surface of the concrete slab. For the data
acquisition, a common vocal microphone together with a USB-port sound card connected to a
laptop enabled the recording of the signal during the test. The microphone was shielded with a
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foam cup, which helped insulate the ambient noise and direct the sounding waves to the
microphone. The general mechanisms of defect detection using hammer sounding are illustrated
in Fig. 2(b), where the sounding waves transmitted from the hammer impact were reflected by
the defects and collected by the vocal microphone for further data analysis.
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Fig. 2. Test setup: (a) sounding instruments; (b) acoustic sounding mechanism

3. Frequency Spectrum Analysis
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Fig. 3. Fourier spectra of hammer sounding for 5 different defect conditions: (a) no delamination;
(b) shallow delamination; (c) honeycomb; (d) void; (e) deep delamination

Fig. 3 compares the typical Fourier spectra of hammer sounding data from 5 different defect
conditions. In Fig. 3, the signal for no delamination case of Fig. 3(a) show two sharp spikes in a
relative high-frequency range (larger than 4 kHz), while the frequency distributions of signals
from the defect zone are relatively flat and mainly located in the low-frequency range, less than 4
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kHz. Also, all 5 cases have multiple peaks in the extremely low-frequency range of less than 2.5
kHz, which represents the mixing of noises and flexural mode signals of the slab. Since the
sounding features in low frequency are usually correlated with defects, it is important to filter out
the unnecessary noise effects and keep the useful signals for further analysis.

4. Empirical Mode Decomposition of Hammer Sounding Data

In this study, the EMD method was used to remove the noise from the sounding signals. EMD is
an adaptive data analysis tool that is commonly used to break down any complicated signal set
into several components, which usually pertain to different vibration modes and different
physical meanings. These components can also be described as intrinsic mode functions (IMF),
which build a nearly orthogonal basis for the original data. Fig. 4 shows the Fourier spectra of
decomposed hammer sounding signals using the EMD method. In Fig. 4(a), it can be seen that
the low-frequency noises with high amplitude were removed from the original signal and the
useful impact sounding signal was well represented in IMF1. The filtered noises were also
shown in IMF2 and IMF3. Signals from other defect areas are also showing similar filtering
effects by EMD in Fig. 4(b) to Fig. 4(e). By comparing the PSD distributions of IMF1 for
different signals, the no-delamination data show much smaller amplitudes in the low-frequency
range than those for signals from areas with defects. Also, the difference between deep
delamination and no-delamination is relatively small compared with other artificial defects. This
observation shows that hammer sounding might be less effective in detecting the delamination as
the damage develops in a deeper location.

It is observed from Fig. 4 that the fundamental frequencies of hammer sounding data mostly
show the flexural mode of vibration, which is different from the thickness mode normally
observed in the impact echo (IE) signals. This is because the width-to-depth ratios of the
embedded defects are larger than one, which usually leads to the flexural modes (Kee and
Gucunski 2016 and Lin et al. 2018). Also, these artificial defects were closely placed near the
edge of the slab, which can also cause flexural modes in the no-delamination regions.

After extracting sounding signals (IMF1) using the EMD method, the distribution of PSD
(energy) was used as the feature to detect the four artificial defects in the concrete slab. A defect
ratio was defined as the energy from a band of 2.5 to 4 kHz (flexural modes) divided by the
energy from the whole frequency range of the signal. A contour of the defect ratio from the
concrete slab using hammer sounding is shown in Fig. 5, where the defects corresponding to
shallow delamination, honeycomb, and void are well detected and are highlighted on a scale of
severity of the defects, where 0 represents no damage and 1 represents severe damage. In the
plot, actual locations of embedded defects are marked by red rectangles. It is observed that some
of the shallow delamination areas show low damage indexes. When the hammer impacted the
middle of the shallow delamination area, the concrete surface responded like a “drum”, which
significantly amplified the magnitude of the collected sounding data and the “drum sounding”
was found to exceed the threshold value of the microphone. This “drum effect” disrupted the
original signal and affected the detection results. The boundary of the defects was still well
detected. Further studies on controlling the “drum effect” will be carried out by the authors in the
next phase of the project. In this study, the hammerhead had a diameter of 20 mm. Hammers
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with smaller head could induce sounding signals with higher frequencies. The effect of different
properties of hammers on the detection of concrete defects, especially deep delamination, will
also be investigated by the authors in future studies.
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Fig. 4. Empirical mode decomposition on hammer sounding data: (a) no delamination; (b)
shallow delamination; (c) honeycomb; (d) void; (e) deep delamination
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Fig. 5. Damage contour of the slab based on the dominant frequency of hammer sounding data
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5. Conclusion

In this study, empirical mode decomposition (EMD) method is used to filter out the noise from
the hammer sounding signal. The first intrinsic mode function (IMF) has been found to be the
useful sounding signals and other IMFs are the noises, such as the friction between the hammer
and the deck surface. The embedded defects in an engineered slab have been well detected based
on the features of PSD distribution of the hammer sounding. Most of the sounding signals have
been found to be the flexural modes of the slab or defects. Further work should be carried out to
study the thickness mode of the slab, similar to impact-echo, by using different sounding
sources, such as hammers with different sizes and electronic sounding.
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