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27In this paper the study of frequency-dependent ultrasonic attenuation in strongly heterogeneous
28materials is addressed. To determine the attenuation accurately over a wide frequency range, it is
29necessary to have suitable excitation techniques. Three kinds of transmitted signals have been analysed,
30grouped according to their bandwidth: narrowband and broadband signals. The mathematical
31formulation has revealed the relation between the distribution of energy in their spectra and their
32immunity to noise. Sinusoidal and burst signals have higher signal-to-noise ratios (SNRs) but need many
33measurements to cover their frequency range. However, linear swept-frequency signals (chirp) improve
34the effective bandwidth covering a wide frequency range with a single measurement and equivalent
35accuracy, at the expense of a lower SNR. In the case of highly attenuating materials, it is proposed to
36use different configurations of chirp signals, enabling injecting more energy, and therefore, improving
37the sensitivity of the technique without a high time cost. Thus, if the attenuation of the material and
38the sensitivity of the measuring equipment allows the use of broadband signals, the combination of this
39kind of signal and suitable signal processing results in an optimal estimate of frequency-dependent
40attenuation with a minimum measurement time.
41� 2015 Published by Elsevier B.V.
42
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45 1. Introduction

46 Concrete is a non-homogeneous material prepared by mixing
47 cement, aggregates, and water, used mainly in the field of civil
48 and building engineering [1]. Due to its non-homogeneous struc-
49 ture, this material in its hardened state is composed by air voids,
50 interfaces between the aggregates and hydrated cement paste,
51 micro-cracks, and other defects inside its microstructure. For that
52 reason, concrete is a very dispersive material and hard to measure
53 (in order to know its physical and mechanical conditions) indi-
54 rectly with non-destructive techniques (NDT) [2].
55 Several authors have tried to test cement-based materials using
56 different NDT in order to characterize the properties of concrete and
57 detect damage by means of monitoring diverse parameters [3–5].
58 Due to its robustness, one of the most widely used parameters
59 for ultrasonic NDT is the ultrasonic pulse velocity. However, atten-
60 uation is considered to be a parameter that is very sensitive to the
61 structural properties of the material. Taking into account that it is a
62 parameter related to the energy of the wave, it is more affected

63than ultrasonic velocity in an experimental setup, such as by cou-
64pling problems between the ultrasonic sensors and the analysed
65material, and energy losses due to wires, connectors, devices
66[6–9]. Despite these problems, the determination of the
67frequency-dependent ultrasonic attenuation, aðf Þ, [6,8,10–12], is
68a useful parameter due to its sensitivity to many defects in a mate-
69rial (voids, cracks. . .) and properties, specifically for concrete,
70where the water to cement ratio and the cement to aggregate ratio
71are important variables for concrete design and determine its
72mechanical and physical properties.
73Several authors have used different techniques to measure the
74attenuation in cementitious materials. The typical setup is a
75through-transmission, where the transmission transducer is
76excited by an electrical signal to generate an ultrasonic signal.
77The transmitted signals include narrowband [8,13–15] and broad-
78band signals [6,8,16]. On the one hand, narrowband signals provide
79good performance against high attenuating materials, due to their
80high signal to noise ratio (SNR), but they require a large number of
81measurements to estimate the aðf Þ curve (one measurement per
82each point of the curve). On the other hand, broadband signals
83require much less measurements because they cover a wider
84frequency range, but are more affected by noise because its energy
85is distributed over a wider frequency range.
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86 Using broadband signals implies several advantages. Beyond
87 the practical ones (time cost), there exist real applications which
88 cannot be correctly monitored due to the fact that the system
89 under study varies quickly in time. In such a situations, what is
90 needed is the use of a configuration which allows measuring the
91 attenuation efficiently without losing accuracy. The aims of this
92 paper are to analyse each kind of transmitted signal, to provide
93 an optimal method to obtain the frequency-dependent attenua-
94 tion, aðf Þ, and to compare the attenuation results achieved by each
95 configuration in a particular real application: measuring Portland
96 cement mortar specimens.
97 The remainder of this paper is structured as follows. Section 2
98 describes and mathematically formulates the analysis of two nar-
99 rowband signals (sinusoidal and burst signals) and a broadband

100 signal (chirp signal), as well as the theoretical and experimental
101 expressions for aðf Þ in each case. Different configurations for the
102 chirp signal are analysed in order to evaluate their noise immunity.
103 In Section 3 the materials and test layout for the experiment which
104 validates the aforementioned expressions are explained. Section 4
105 presents the attenuation results and, finally, the conclusions are
106 summarized.

107 2. Mathematical background

108 In a through-transmission inspection, the energy spectral den-
109 sity (ESD)1 of the received signal (in the frequency domain),
110 Srxðf Þ ½dB�, can be modeled by
111

Srxðf Þ ¼ Stxðf Þ � amatðf Þ � dmat � aequipðf Þ ð1Þ113113

114 where Stxðf Þ ½dB� is the ESD of the transmitted signal, amat ½dB=cm� is
115 the attenuation produced by the specimen, dmat ½cm� is the distance
116 between both transducers, and aequipðf Þ ½dB� is the attenuation due
117 to the measuring equipment (amplifier, wires, and frequency
118 response of the emitter and receiver).
119 From Eq. (1), the attenuation amatðf Þ ½dB=cm� of the material can
120 be obtained in terms of the other variables, yielding
121

amatðf Þ ¼ 10 log Stxðf Þð Þ � 10 log Srxðf Þð Þ � aequipðf Þ ½dB�
dmat

: ð2Þ123123

124 The challenge of this study lies in the estimation of the Sðf Þ,
125 which relates the transmitted energy/power and received
126 energy/power as a function of frequency. The following aspects
127 must be taken into account.
128 The signal to noise ratio (SNR) is directly proportional to the
129 sensitivity of the attenuation parameter. Therefore, the kind of
130 transmitted signal and its energy distribution in the frequency
131 domain will affect the accuracy of the method. Working with sinu-
132 soidal or burst signals, the energy will be concentrated in a narrow
133 band (higher SNR), but the estimation of amatðf Þ will correspond
134 only to that narrow bandwidth. Consequently, in order to cover a
135 wide spectrum, it is required to employ a higher number of input
136 signals varying the fundamental frequency (f 0). On the other hand,
137 in the case of a chirp signal, the energy will be distributed over a
138 wider band (lower SNR) and the estimation of amatðf Þ covers a
139 higher range of frequencies with a single input signal. It must be
140 noticed that a good characterization of a highly attenuating mate-
141 rial could require the use of signals with a high density energy. In
142 Fig. 1, the temporal and frequency domains of the three types of
143 signals are shown. It can be easily appreciated how the density
144 of energy of the sinusoidal and burst signals is higher than that
145 of the chirp signal.

146The frequency response of the equipment and, mainly, of the
147transducers, aequipðf Þ, limits the bandwidth that they are able to
148manage. Usually, the best performance is obtained at the funda-
149mental frequency of the transducer, but it is also possible to work
150on the pass-band taking into account the required calibration pro-
151cess. The choice of the fundamental frequency depends on the
152material under inspection.
153In this paper, the aforementioned transmitted signals are anal-
154ysed and proposed for evaluating the attenuation of the material,
155amatðf Þ, in order to compare their accuracies and time costs. To
156obtain amatðf Þ, it will be necessary to estimate the power/energy
157of the transmitted and received signals as well as the attenuation
158introduced by the equipment. The power/energy of the transmitted
159signal will be computed from its well-known theoretical expres-
160sions. However, the power/energy of the received signal will be
161estimated from the real acquired signals digitalized by the oscillo-
162scope. The attenuation of the equipment will be obtained by the
163calibration process described in Section 3.3.

1642.1. Sinusoidal signal

165The theoretical model of a transmitted pure sinusoidal signal is
166

stxðtÞ ¼ Atxcos 2pf 0t þ /txð Þ; ð3Þ 168168

169where Atx is the amplitude of signal, f 0 is its fundamental frequency,
170and /tx is its phase, which will be assumed null. An example is
171shown in Fig. 1, where the selected parameters for are Atx ¼ 10
172and f 0 ¼ 200 kHz. It is accepted that this signal is periodic, and
173therefore, it has an infinite time duration.
174The theoretical spectrum of this signal (Eq. (4)) gives the power
175contributed by a single frequency, shown in Fig. 1. The power of
176this signal (Ptx) can be estimated directly from its amplitude, Atx

177(Eq. (5)). It has been assumed that the propagation medium, equip-
178ment, and transducers behave linearly. This implies that no new
179frequency components will be generated, and the received signal
180will be the same as the input signal except with a different ampli-
181tude and phase, which will depend only on the behaviour of the
182material and equipment, so that the power of the received signal
183can be estimated from the amplitude of the received sinusoidal sig-

184nal, Aðf 0Þ
rx (Eq. (6)).

185

Stxðf Þ ¼ Atx

2
dðf � f 0Þ þ dðf þ f 0Þð Þ
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Ptx ¼ A2
tx

2
¼ maxfs2txðtÞg

2
ð5Þ 190190

191

srxðtÞ ¼ Aðf 0Þ
rx cos 2pf 0t þ /ðf 0Þ
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� �2
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194Hence, the attenuation due to the material for the input
195frequency amatðf 0Þ can be calculated by using both Eqs. (5) and
196(6), resulting in the following equation:
197

amatðf 0Þ ¼
Ptx ½dB� � Pðf 0Þ

rx ½dB� � aequipðf 0Þ ½dB�
dmat

¼
10log10

A2
tx
2

� �
� 10log10

A
ðf0 Þ
rx

� �2
2

 !
� aequipðf 0Þ ½dB�

dmat
ð7Þ 199199

200In order to obtain the values of the amatðf 0Þ curve, it is required
201to do a sweep of the input fundamental frequency (f 0). The
202described calculations must be repeated as many times as the

1 The energy spectral density, Sðf Þ, of a finite time signal, xðtÞ, is defined as
Sðf Þ ¼ jXðf Þj2, where Xðf Þ ¼ R t1t0 xðtÞe�j2pftdt is the Fourier Transform of the signal xðtÞ.
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