Proceedings of the Institute of Acoustics

DETAILED FEATURE EXTRACTION FROM CONCRETE MEDIA USING MEDIUM
FREQUENCY ULTRASOUND AND DIGITAL SIGNAL PROCESSING METHODS

P A Gaydecki (1), F M Burdekin (2), W Damaj {2), D G_Jolm {3) & P A Payne (1)

(1) Depaniment of Insmumentation and Analytical Science
(2) Department of Civil and Structural Engineering UMIST, Manchester, UK
(3) Corrosion and Protection Centre Industrial Services

ABSTRACT

This paper describes the manner in which ultrasonic pulses travelling through concrete are generated,
received and processed using piezoclectric transducers and digital data acquisition apparatus.
Because of the highly attenuating nature of this medium and its differential effects on the frequency
composition of broad-band signals, time domain analysis alone cannot provide sufficient information
regarding the properties of the specimen under test. By partitioning the signal into discrete windows
in the time domain, corresponding to the emergence of individual wave phenomena within the
medium, and by then wransforming these windows to the frequency domain, wave components
relating 1o specific processes may be isolated and examined. Experimentation suggests that the
emergence and decay of discrete frequency bands depends both upon the nature of the concrete,
termed the resonance phase, and its extemnal geometry, termed the geometric phase. The findings of
this work have considerable importance with respect to the uitrasonic inspection of concrete.

1. INTRODUCTION

Ultrasonic inspection of concrete has traditionally been limited to simple measurements conducted
in the time domnain, such as the time required for a pulse to travel through a known distance or depth
of the material. Since the velocity is related to the sirength of concrete, the pulse-velocity technique
has been established as possibly the only standard technique of non-destructive testing of concrete
using ultrasonic methods. Pulse-echo techniques, which provide detailed information regarding the
internal defects in materials whose composition is homogeneous with respect to the wavelength, are
unsuitable for use with concrete [1]. Concrete is 50 inhomogeneous in its composition that the scatter
of ultrasonic waves normally precludes the use of frequencies extending beyond 150 kHz. These low
frequencies cannot provide sufficient spatial resolution for conventicnal imaging purposes.

However, the need to develop an ultrasonic inspection system capable of providing information not
only with respect to the internal integrity of the concrete but also the condition of any steel reinforcing
components, led to the detailed analysis of the waveforms that were received having ravelled through
concrete samples and structures of various types. Here we describe the methods that were used o
insonate the concrete specimens, the manner in which waveforms were processed 1o reveal the
contributions of the different mechanisms responsible for the changes to the original signal, and the
way in which the spectral components were interpreted to reveal the presence of defects within the
specimens.
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2. EXPERIMENTAL SYSTEM

The experimental configuration that wasg
adopted to acquire the ultrasonic signals
varied according to the test being con-
ducted, but a typical arrangement is
shown in Figure 1. Here, a piezoelectric
ransmitting transducer was coupled 1o
the surface of & concrete specimen using
amedium-grade petroleum based grease.
The transducer was excited to resonance
by a Steinkamp pulser unit, having an
apecinsan excitgt_ionfvoltagc of ?OOHV %d a pulse
V=
Figure1 Experimental configuration used to inspect ﬁf&?&uﬁ“iﬁygnhwfw ,ﬁf‘ff,i,,.
concrele specimens noise amplifier and thence to the input of
a Schlumberger 5602 digital storage oscilloscoire. The oscilloscope was triggered to sample the data
by a synchronization signal generated by the pulser, which coincided with the probe excitation pulse.
In order to improve the signal-to-noise ratio, especially where weak signals were concemed,
waveform averaging was performed. Once digitized, the data were transferred via an IEEE interface
toamicrocomputer for processing and storage. This kind of experimental configuration has been used
by several researchers for similar purposes {2,3]. In later experiments, the oscilloscope was replaced
by an Analogic 6100 waveform analyzer, which also performed the signal analysis. In this case, the
PC was used as a system supervisor and storage unit, but the method of analysis remained essentially
the same. The use of this processor did, however, greatly improve the speed of the system.

Y
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Transducers normally employed for the inspection of concrete generate frequencies that are too low
to provide detailed information with respect to the internal composition of the material. Typically,
concrete propagates longitudinal waves at a velocity of approximately 4,000 a/s (although this will
vary according 10 concrete properties), and at 100 kHz, the wavelength is 40 mm. By comparison, the
inspection of steel components is normally carried out using wavelengths lying between 1.2 and
0.6 mm. For this reason it was decided that ultrasonic probes with frequencies extending to 500 kHz
would be used. Although at these frequencies attenuation plays a dominantrole in limiting the signal-
lo-noise ratio, sophistcated analysis and filtering enabled useful information to be extracted. A
considerable amount of preliminary experimental work was conducted in order 1o determine the
optimum choice of transducer. A range of ransducers was investigated, having centre frequencies
ranging from 40 to 500 kHz. With the exception of a pair of rolling transducers which had essentially
point-contact with the concrete surface, all of the probes were disc-shaped with radii ranging from
10 to 20 mm None of the transducers oscillated monotonically; instead they generated a range of
frequencies about a centre frequency whose value was governed by the nominal resonance of the
crysl, by the backing material and by the filtering effects of the concrete.

3. LOSS MECHANISMS: SCATTERING AND .ABSORPTION

In addition to the losses arising from divergence, a signal will experience attenuation as a result of
absorption and scatter, these being frequency-dependent phenomena. Ultimately, attenuation losses
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are thermal in nature, and for a given medium and frequency the general function which describes the
pressure, p, at a distance is given by:

P=pe "™ n
where ris the coefficient of attenuation {4]. Signal scantering is a highly complex process, depending
upon mean particle diameter in relation to the wavelength, the number of particles per unit volume
of the medium, and the acoustic properties of these particles which distinguish them from the medium.
When the diameter of the particles is small in comparison to the wavelength, Rayleigh scattering
occurs [5) whereby each particle acts as a spherical radiator. In this case, the scantered amplitude is
proportional to the fourth power of the frequency, and the coefficient of anenuation becomes:

a=0.4(kD) iD°N | 0]
where k is the wave number, given by 277/2, D is the mean parficle diameter, and N is the number of
particles per unit volume.

In the Rayleigh region however, the absorption coefficient increases linearly with frequency. Hence
the total attenuation coefficient is given by the general relationship:

a(f)=af +a,D’f* G
where a, is the absorption coefficient and g, is the scantering coefficient.

In the stochastic region, where the particle size is approximately equal to the wavelength, the
scattering is proportional to the square of the frequency:

a(f)=bf +b,D%s* @)
Finally, in the diffusion region where the wavelength is much smaller than the mean particle size, the
scattering coefficient is given by:

a(f)=cD™ (5
In concrete, all forms of scattering mechanisms occurred in the tests since the frequencies examined
ranged from near DC 10 several hundred kHz, with grain sizes ranging from less than 1 upto25mm.

4. TIME AND FREQUENCY DOMAIN SIGNAL PARTITIONING

Given that ultrasonic pulse-echoes systems are unsuited to the inspection of concrete structures, there
is nevertheless a great deal more information that can be extracted than simple time-of-flight
measurements. Heuristic models developed by Saniie and Bilgutay (5], which characterize the back-
scattering contributions from Rayleigh scatterers, show how the signal can be segmented into discrete
units relating to both time and depth. Although we are concerned here with not just Raylei
scattering but also with stochastic and diffusion mechanisms, the principle is still whoily applicable.
Furthermore, it can be applied not only to back scattered but also to forward scattered signals.
Assuming that the beamn spread is much greater than the particle size, and that the scatterers lie in the
far field region, then the received signal r(r) can be partitioned into fixed time intervals rJ(t) corre-
sponding to fixed spatial intervals, ie, lengths, within the sample:

4
()= 2r1) ©)
s
where r(f) r’eprese:ns the signal corresponding to the jth region and g is the number of regions.
Similarly, it can be shown [6] that the summation of the discrete-time count of the unit impulse

function, d[n), can be used to build any discrete signal. Thus the term rJ(:} in Equation (6) can be
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expanded to:
(0= r{k)8(r - k) i=012.q

™

- In this form the siéﬁh A(r) is determined by the spectral characteristics of the transducer and the
filtering effects of the medium. In our work we have shown that thecomposite signal detected consists
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" Figure 2a Signal transmitted and received by matched
ultrasonic transducers propag’aﬁng througha
150 mm thick concrete slab, 700 mm square
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Figure 2b Fourier spectrum of signal shown in
Figure 2a

of two quite distinct phases, which we
have termed:

1. the resonance phase, characterized
by the original output and the ef-
fects of the internal conditions of
the mediumon the signal, ie, r(7); and

2. the geomerric phase, £2(2), in which
the ﬁ'quencies generated are gov-
erned by the dimensional properties
of the specimen,

As an example, Figure 2a shows the first
1,024 us of a signal that was obtained
when two matched transducers, with a
nominal resonance of 500 kHz, were
mounted centrally on either face of a
concrete slab, measuring 700 mm square
by 150 mm depth. The corresponding
spectrum is shown in Figure 2b. It con-
tains no high frequency harmonics of
any significance, due to the strong et-
tenuating and scattering effects of the
concrete. However, Figure 2a also shows
that the last 500 ps of the signal contain
predominantly low frequencies, whereas
the initial 50 s contain 1n addition higher
frequencies. It is important to note that
the Jow frequencies also extend 10 the
initial phase of the waveform, ie, the high
frequency harmonics are superimposed
on the lower ones.

If we now pantition the signal 1o include
only the first 100 s, the spectrum ob-
wined is very different, as shown by
Figure 3a. The high frequency band is
clearly in evidence, and is now much
stronger in relative terms, when consid-
ering the low frequency band at 14 kHz,
which is nevertheless still present. This
confirms that the low frequency phase
extends for the duration of the signal,
However, if the signal is partitioned 10
include only the remaining 400 s, then
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[T e e Saru S e T~ the spectrum, shown in Figure 3b, shows
| I ' only low frequency harmonics.

Alternatively, to demonstrate the con-
centration of different frequenciesin dif-
ferent parts of the signal, the waveform
shown in Figure 2a can be filtered in the
frequency domain to leave only those
harmonics above 200 kHz. Once the in-
verse transform has been obtained, a
signal is derived which is shown in Fig-
ure 4a. In this case the high frequencies
are concentrated towards the initial part
. of the waveform and decay r:ﬁ)idly wn.l;
: ; : time. This signal represents that part o

Figure 3a fl?:\ﬁrin i n-ungf ﬁ;ﬁ?‘aﬁx’gﬂgd the waveform known as the resonance
gure phase. By contrast, if the composite sig-

S nal is filtered (again in the frequency

= domain) to leave only those frequencies
fpa— below 30 kHz, the signal produced ap-
[p— pears as in Figure 4b, ie, this constitutes
. the geometric phase.

Now a solid plate of thickness [ and
longitudinal wave propagation velocity
¢ has a fundamental half-wavelength
i ] thickness-mode resonant frequency given

o mmovra 4 by.

i [
LR f = —— (8)
* + L a0k b e mn w a els 2

Trie— — Inthis casehthc concrete slabhas a thick;
Figure 3b Fourier spectrum of last 400 ps of signal N€ss of 150 mm and a value for ¢ o
Yy 2 . ; 4,285 m/s. The £, value should therefore
shown in ﬁure 23 - the geomelric phase be 14.23 kHz, H figure which is very
close 1o the value of 14 kHz shown by the dominant harmonic in the geometric phase spectrum.
Although the geometric phase in this instance is characterized by thickness mode vibrations, the
general nature of this low frequency signal will depend upon the dimensions and physical properties
of the sample thus insonated. Sansalone and Carino [7,8] for instance, have reported the use of
mechanical impact devices to generate acoustic frequencies which revealed the presence of laminar
defects within concrete test slabs. However, what is of significance is that ultrasonic probes can be
used for more than just this purpose, albeit with greater temporal precision. Time and frequency
domain Eartitioning 1s a technique that has seen some application in the field of acousto-ultrasonics
[9),and has yielded significantresultsinthe analysis of laminaies and reinforced composite materials.
For the general case therefore, the signal in the time domain, given by x(r), can be described by:
x(t) = (1) + g(r) | ©®)
Each phase will decay over time, and the coefficients for the decay of the resonance and geometric
phases are given by e'®. If R(7) represents the resonance phase in the absence of any decay, and G(f)

. on v o

Proc..0.A. Vol 13 Part 2 (1991) 199



Proceedings of the Institute of Acoustics

DETAILED FEATURE EXTRACTION FROM CONCRETE

represents the same for the geometric
phase, the signal x(¢) is described by:

()= *Rt)+e*G(r) (10

5. DEFECT IDENTIFICATION
THROUGH SPECTRAL
ANALYSIS: SYSTEM
OPERATION

In practice, the system operates with
400 kHz rolling transducers which move
- = = ot ruaami—] | 1ong the surface of the concrete beam to
" Figure da Reconstructed signal of Fourier-filiered  be analyzed, firing and receiving pulses
signal shown in Figure 2a, lcavikrﬁzonly at regular intervals. Considerthena5m  §
harmonics extending beyond 200 concrete beam, which is interrogated
every 53 cm. One hundred waveforms
will be acquired, ie, x [n] to x,  [n] (each
waveform compﬁscsglz data points, ie,.
» n=1..512). Each waveform is then trans-

- formed to the frequency domain and the
energies in eight bands are calculated.
{\l/\ | Theenergy of a band in the frequency
\ ] ’ v} domain can be calculated using the equa-
tion:
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Figure 4b Reconstrucied signal of Fourier-filiered ~ quency. Thebandsthatare calculated are
signal shown in Figure 2a, leaving only 30 kHz in width and range from O -
harmonics extending below 30 kHz 50 kHz,10350 - 400 kHz. The energy for

the first band of the first waveform we
label E, . The energy for the second band of the first waveform we label E,, ete. Hence for each
waveform, we calculate eight separate energy values. The way in which we combine the energies for

each waveform determines the kind of defect that can be detected, since the scattering equations show 1

that the amount of energy scattered {and hence received) is determined by the dimensional

relationship of the wavelength and scauerer. For instance, if a major void was being sought, the 4

encrgies in each band for a given waveform are simply multiplied together (an operation similar to 1

A
A
N

cross-correlation}, since all bands will show greater energy levels due to reflection. In this case, We
wish to synthesis a new function Z(k), which represents the combined (multiplied) energies as a
function of the scan position. Hence if k represents the scan number (from 1 1o 100), and m represents |
the energy bands from 1 to 8, then we have the equation: |

Z[k]=T]E... k=1.100 (12)
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A major void in the middle of the beam,
would be revealed by plotting Z[4] against
k, as shown in Figure 5.1f smaller defects
are being sought, such as areas of
delamination due tothe cormosionof steel
reinforcing components, then experiment
has shown thai only high frequency com-
ponents respond. In this case, we use the
energies of the low frequency bands 10
correct for coupling variation, by taking
the ratio in the following manner:
Ak

Figure 5 Typical sed signal returned f 2Ee
igure ical processed si returned from _ ap

gt vc";?:l-likg defect in cog:cretc Z[k)= .i-Ei 1a»

km

ma]

Once the method of signal processing has been established, the computer based DSP was be replaced
with a dedicated signal analyzer. In the final prototype, the analyzer performed the data acquisition
and DSP, and the computer acted as system supervisor, informing the analyzer what operations it
should perform and acting as a mass storage device for the data.

Beoun; Pomition along Bowm | ]

6. DISCUSSION,

Although concrete is a medium which attenuates ultrasound through a variety of scattering and
absorption mechanisms, it is not attenuation through absorption (ie, thermal loss) but attenuation
through scatter and divergence which precludes the use of pulse-echo systems. Furthermore, the
wavelengths of frequencies that can be used are 100 long to provide sufficient spatial resolution for
imaging purposes. This does not mean that no information can be obtained other than through
ultrasonic pulse velocity measurements. We have established that the energy contained within the
various frequency bands changes considerably according to the internal structure of the concrete.
However, in order to detect this it is necessary to partition the signal into discrete time bands since
the frequency content also changes with tme. : '

Regarding the geometric phase of the signal, this is essentially transducer-independent and is by
definition a function of the dimensional geometry of the specimen. In the tests that we have conducted,
the geometries have been simple and the vibrational modes can be described by simple mathematics.
In most cases however, the geometries will not be of this kind and as a result these vibrations would
include a number of superimposed waveforms in the time domain. Fortunately, they would always
correspond in wavelength to some multiple of the dimensions involved, and unless the sample was
very small, a considerable difference in the frequencies of the resonant and geometric phases would
be evident. In addition, Tt would alsa be expected that the geometric phase would extend for the
duration of the signal, but the resonance phase would attenuate rapidly with time.
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7. CONCLUSION

The manner in which the current system locates defects within the concrete matrix is based upon the
knowledge that the received frequency spectrum of the material is dependent upon it intemal
structure; significant changes to the constituent parts of the spectrum in turn imply changes in that
structure. Furthermore, by filtering the signal in the frequency domain it is clear that information can
be obtained from high frequencies notnormally associated with the inspection of this kind of material.
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