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Abstract

Nonlinear ultrasonic spectroscopy methods belong to rank of highly promising methods to 
identify the structure defects in a wide range of materials. These methods are employing the 
fact that a crack-induced nonlinearity makes an extremely sensitive material impairment 
indicator. The paper deals with the research of nonlinear ultrasonic spectroscopy method 
from the viewpoint of its applicability in civil engineering – study nonlinear interaction 
between elastic wave and structural defects in concrete materials. The nonlinear effect 
analysis was carried out for both intact specimens and specimens, which had been exposed 
to mechanical loading. 

Key words: nonlinear ultrasonic spectroscopy, cracks, concrete, structure defects 

1. INTRODUCTION
On the basis of non-linear effect studies, new diagnostic and defectoscopic methods 
have been designed, which are based on the elastic wave non-linear spectroscopy 
(Van den Abeele et al. 2000, Zaitsev et al. 2006). The non-linear acoustic 
spectroscopy brings new prospects into the acoustic non-destructive testing 
of material degradation. Poor material homogeneity and, in some cases, shape 
complexity of some units used in the building industry, are heavily restricting the 
applicability of "classical" ultrasonic methods. These linear acoustic methods focus 
on the energy of waves, which are reflected by structural defects, variations of the 
wave propagation velocity or changes in the wave amplitude. However, none 
of these "linear" wave characteristics is as sensitive to the structure defects as the 
specimen non-linear response (Nagy, 1998; Van den Abeele et al. 2001; Van den 
Abeele et al. 2009). In this way, non-linear methods thus open new horizons in non-
destructive ultrasonic testing, providing undreamed-of sensitivities, application 
speeds and easy interpretation. One of the fields in which a wide application range 
of non-linear acoustic spectroscopy methods can be expected is civil engineering. 
It is predicted that these advanced techniques can contribute a great deal to the 
improvement and refinement of the defectoscopic and testing methods in the building 
industry practice. 
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2. NON-LINEAR ULTRASONIC SPECTROSCOPY
On the basis of non-linear effect studies, new diagnostic and defectoscopic methods 
have been designed, which are based on the elastic wave non-linear spectroscopy. 
Existing linear acoustic methods focus on the energy of waves reflected at structural 
defects, analyzing the reflected wave energy, wave velocity or amplitude variations. 
It is to be emphasized, however, that none of these linear wave characteristics is as 
sensitive to the structural defect occurrence as the non-linear response of the 
material.

Recently, various papers are being published on the theoretical or experimental 
verification of different methods in some application areas. One may state that, on 
the one hand, and, regarding the topic complexity, the requirements for newly 
developed special instrumentation and a high potential application diversity, the 
research and development of the respective methods, the required instrumentation 
and, last but not least, practical applications of these methods, is still in its infancy. 
On the other hand, most published papers as well as our experience show these 
methods to be highly promising for both the defectoscopy and the material testing 
purposes in the near future. 

One of the fields in which a wide application range of non-linear acoustic 
spectroscopy methods may be expected to take place is civil engineering. Poor 
homogeneity of materials and in some cases also intricate shape of the specimens, 
restrict heavily the applicability of the classical ultrasonic methods. Precisely these 
non-linear acoustic defectoscopy methods are less susceptible to the mentioned 
restrictions and one may expect them to contribute a great deal to further 
improvement of the defectoscopy and material testing in civil engineering. 

2.1 Non-Linear Spectroscopic Methods 
Non-resonance methods are used to study suppressed resonance specimens. These 
methods analyse the effect of non-linearities on acoustic signals propagating through 
them. These methods can again be split into two groups (Korenska & Manychova, 
2008; Hajek & Sikula, 2008, Sikula et al. 2008): 

 measurements using a single harmonic ultrasonic signal (a single frequency 
f1),

 measurements using multiple harmonic ultrasonic signals (usually, two 
frequencies f1, f2).

We pay attention to single harmonic ultrasonic signal measurement method which 
was used in experimental part. In this case, where a single exciting frequency f1 is
used (Fig. 1), the non-linearity gives rise to other harmonic signals, whose 
frequencies fv   obey the Fourier series formulas: 

 fv = n f1 n = 0, 1, 2,…  (1)
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Fig. 1: Frequency spectrum of a non-linear medium response 

In general, these frequency component amplitudes are falling when the harmonic
order natural number, n, is increasing. If the non-linearity effect is not entirely 
symmetrical, there can arise low-amplitude second and higher even-numbered 
harmonic components, whose amplitudes may be much lower than those of the odd-
numbered ones. Among these emerging components, the third harmonic is the most 
distinctive one. Therefore, its amplitude is being evaluated most frequently. 

2.2 Measuring Apparatus 

Fig. 2: Block diagram of the measuring apparatus 

The transmitting unit consists of four functional blocks: a controlled-output-level 
harmonic signal generator, a low-distortion 100 W power amplifier, an output low-
pass filter to suppress higher harmonic components and ensure high purity 
of the exciting harmonic signal and a piezo-ceramic transmitter (actuator) to ensure 
the ultrasonic excitation.

Receiving section consists of piezoceramics sensor, low noise preamplifier with 
classical or differential input connector, amplifier with band - pass filters. These 
output signal are used for final evaluating. The starting measures were realized 
by normal spectral analyser in our case oscilloscope HandyScope3 TPHS3-25.

For the recorded data to be interpreted properly, each of the measuring instruments
must meet following criteria (Prevorovsky and Abeele 2004): 

High linearity of all instruments (generators, amplifiers, sensor, transmitter,…). 
High resolution in the frequency domain. 
High dynamic range (90 to 130 dB). 
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Highly efficient filtration of detected signals (fundamental frequency 
suppression).
Frequency range 10 kHz to 10 MHz. 
Optimized sensor and transmitter location. 

A program package to control the measuring process and the data processing and 
evaluation makes an indispensable tool. 

3.   Experiment 
Concrete specimens of dimensions 100 mm x 100 mm x 400 mm which had been 
filled with polymer fibres were tested. In the first stage of the experiment, we tried to 
find out whether the high inhomogeneity of the material gives rise or does not give
rise to non-linear phenomena. In subsequent stage were the specimens examined 
for flexural tensile strength in a two-weigh pressing machine. The load test was 
terminated as soon as visible cracks appeared. These cracks closed again after the 
strain had been taken off. In the case of TP7 specimen a visible crack remained after 
the specimen had been relieved. The transmitter and sensor configuration is shown 
in Fig. 3. 

Fig. 3: Location of the exciter and the sensor on the specimen under test 

3.1 Measurement Results 
Pre-test measurements of TP7 specimen are shown in Fig. 4. The shape of the 
frequency spectrum corresponds to that of intact specimen and higher harmonic 
amplitudes are decreasing with their serial number. Fig. 5 shows the frequency
spectrum of the same specimen after load test has been carried out in the pressing 
machine. When compared with Fig. 4, the response function shows the higher 
harmonic frequencies to have lower amplitudes. The fifth harmonic has disappeared
entirely which is probably due to the structure-degradation-induced higher 
attenuation. Another change consists in emphasizing the second harmonic’s
amplitude with respect to the first harmonic as well as the third and fourth harmonic. 
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Fig. 4: Pre-test frequency spectrum Fig. 5: Frequency spectrum of TP7

of TP7 specimen specimen after load test 

4   Conclusion 
This paper presents our first results of concrete specimen structure testing by means 
of non-linear ultrasonic spectroscopy using a single exciting harmonic frequency.

To interpret properly the measuring results, the transfer function of the whole 
measuring set-up must be determined and all measuring instruments must comply 
with high quality standards. It is therefore essential to minimize any harmonic
distortion in the signal pick-up and amplification path by eliminating any spurious
signals (3 f1 parasitic signal, noise) from the measuring apparatus stages. It is to be 
noted that a perfect mechanical coupling must be ensured between the exciter and 
the specimen and, further, between the specimen and the pick-up element during the 
experiment setup process. 

Our measurements show that the effect of a material inhomogeneity is very low in the 
case of non-linear ultrasonic spectroscopy, its non-linear effect being substantially
lower than in the case of common defects. 

Furthermore, it has been proved that structure defects, which are due to mechanical 
load, give rise to non-linear effects.

In conclusion, it is to be emphasized that a perfect mechanical coupling must be 
ensured between the exciter and the specimen and, further, between the specimen 
and the pick-up element during the experiment setup process. 
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