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ABSTRACT 

The non-linear ultrasonic spectroscopy provides new prospects in the non-destructive acoustic 

testing of material degradation. Detailed studies of dynamic non-linearities and hysteresis in 

inhomogeneous media have shown that the occurrence of mesoscopic elements in the material 

structure gives rise to strongly non-linear dynamic phenomena accompanying the elastic wave 

propagation. These non-linear effects are observed in the course of the degradation process much 

sooner than any degradation-induced variations of linear parameters (propagation velocity, 

attenuation, elastic moduli, rigidity etc.). These non-linear wave methods thus open new horizons to 

the acoustic non-destructive testing: they provide high sensitivities, application speed and easy 

interpretation that have never been achieved before. Intensive research in the field of non-linear 

spectroscopy of elastic waves (NEWS) has proved recently that the methods, which are based on the 

occurrence of non-linear effects in the spectral response, can serve as a highly sensitive tool to 

detect material defects. The present paper deals with a study and a research of these novel methods 

from the viewpoint of their applicability in the field of detecting ceramic structure defects. 
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1. Introduction 

Stability of building structures is one of very important issues in the field of non-destructive 

defectoscopy. Thanks to the stormy development of concrete and reinforced concrete buildings 

taking place in the last century, the condition of concrete and reinforced concrete became a hot topic 

in the last decade. Concrete proved to be a durable construction material in the recent years, 
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however, concrete structures often experience degradation after years of service. Structure 

rehabilitation techniques have reached a high standard recently. However, the absence of an 

acceptable, relatively fast and cheap monitoring method, which would be capable of detecting 

bridge faults at an early stage, thus making a simple and cost-effective maintenance possible, is still 

persisting. In the past decade, breakdowns of Hourdis slab ceiling structures have attracted much 

attention of both professional and general public. The above-mentioned ceiling structure 

breakdowns used to occur during a period of approximately half a year to six or even more years 

after the structure completion. A common feature of the Hourdis slab ceiling structure breakdowns 

consists in severing the slab lower part from the slab rest (together with the plaster which had been 

applied to the slab from below); the fracture surfaces are passing through the ribs, the destruction 

onset being abrupt in most cases (following a short-time crackling sounds). No warning visual or 

acoustic effects, indicating a large-scale defect to be threatening, may necessarily occur prior to the 

breakdown. Both footing supported and rolled-beam flange supported slabs experience breakdowns. 

It has turned out that some of the Hourdis slabs, which were built-in into the ceiling structures, had 

contained cracks prior to being built-in.  The non-linear ultrasonic spectroscopy methods appear to 

be promising both for one-shot testing of small-sized construction products in series production (for 

example, Hourdis ceiling slabs) in order to reject defective products, and for the diagnostics 

intended to verify the integrity of a building structure or its part. It is also essential to develop and/or 

refine the methods designed to estimate the lifetime of building structures. 

2. Non-linear ultrasonic spectroscopy 

Theoretical analysis and a comparison of different variants of the non-linear elastic wave 

spectroscopy (NEWS), which come into question regarding the building material testing, has shown 

that appropriately selected non-linear procedures can be several order of magnitude more sensitive 

than the existing linear methods, such as the vibration-based, impedance or ultrasonic defectoscopy 

[1,2]. Using a detailed analysis, we have finally selected two groups of methods to be applied to 

building elements:   

1) Measurements using a single harmonic ultrasonic signal (a single frequency f1) 2) Measurements 

using multiple harmonic ultrasonic signals (usually, two frequencies  

f1 and f2.) In what follows, we are going to deal with the principles of the first group of methods, 

being applied to the experiments. In this case (Fig. 1) the non-linearity gives rise to new 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 nonlinear response medium  
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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 

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.  

3. Experiment 

Dedicated, special-purpose-made piezoelectric transmitters, powered by an ultrasonic signal from a 

controlled-output generator have been included into the measuring apparatus design (Fig. 2). The 

specimen response versus distance from the excitation source dependence was tracked by means of 

piezoelectric sensors. Exciter and sensor spatial distribution on the specimen surface had to be 

optimized for each specimen regarding the resonance modes and attenuation [3]. For the recorded 

signals to be interpreted correctly, high-quality measuring instruments are essential. Therefore, 

much attention was paid to testing the linearity of the entire measuring chain [4, 5]. Bees-wax was 

used to couple the transmitter and sensor with the specimen, as it provided a sufficiently reliable and 

removable contact. The piezo-ceramic transmitters and sensors were selected o the basis of their 

linearity. The non-linear effects, which had been recorded in the spectral response, were quantified 

by means of different non-linearity parameters characterizing the presence of defects. The first 

measurements were carried out on ceramic tiles. The tiles specimens of dimensions 33 × 33 × 0,9 

cm were dividend into three subgroups:  

• first subgroup – non-frozen specimens,  

• second subgroup – specimens which had undergone 300 freeze-thaw cycles, • third subgroup – 

accelerated degradation (liquid nitrogen vapours cooling (about -70°C)). The freeze-thaw cycles 

were carried out to the SN EN ISO 10545-12 standard. Having been saturated with water, the 

specimens were exposed to alternating temperatures stress, namely, +5°C and -5°C. The specimens 

were subjected to a many-sided freeze and thaw stress treatment in a total of 300 cycles. The 

accelerated degradation test was carried out by putting the soaked tiles into a cooling box to be kept 

at a temperature of -70°C for 10 minutes. Nitrogen vapours were used to produce the low 

temperature. The tiles were subsequently dried in a dryer at a temperature of 110°C. A total of four 

degradation test cycles have been applied.  

The experiment setup used for the application of the single-signal non-linear ultrasonic spectroscopy 

is shown in Fig. 2.  

Fig. 2: Experiment setup  
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3.1 Measurement results 

The first measurement was carried out on the intact specimen subgroup, the exciting frequency 

being 29 kHz. The results of these measurements are represented by those obtained from tile No. 

311. Fig. 3 shows the frequency spectrum of the signal obtained. It shows a drop of higher-

frequency amplitudes with increasing serial number n (Equ. 1). When expressing the higher-to-first 

harmonic amplitude ratio for tile No 311, then, as is shown in Fig. 3, the second harmonic amplitude 

amounts to 90.2 %, the third, 79.4 %, the fourth, 55.1 % and the fifth, 47.7 % of the first harmonic 

amplitude.   

Fig. 3: Frequency spectrum of tile No. 311 (intact)  

Measurement results obtained from the second specimen subgroup, where the tiles were degraded in 

three hundred freeze-and-thaw cycles, are represented by specimen No. 410 in Fig.  

4. In this specimen's frequency spectrum, the third harmonic amplitude exceeds that of the second 

one. Starting from the third harmonic, the higher harmonics keep decreasing steadily. 

Fig. 4: Frequency spectrum of tile No 412 (after 300 freeze-thaw cycles)  

The measurement results obtained from the third subgroup, where the specimens were immersed in 

liquid nitrogen vapours (about -70 C), are represented by specimen No. 403N. The frequency 

spectrum corresponding to this specimen is shown in Fig.  5. In this diagram, the second 
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predominant frequency is also the third harmonic. However, contrary to Fig. 4, also the fifth 

harmonic amplitude exceeds that of the fourth one. 

Fig. 5: Frequency spectrum of tile 403N (-70 °C)  

Table 1 (below) compares numerical values of normalized amplitudes and lists the square of the 

correlation coefficient, r
2

, which serves as a criterion for the harmonic frequency amplitude fall 

linearity for the different specimen subgroups. The correlation coefficient square nears unity if the 

amplitude vs. frequency plot decrease shows that no non-linear effects are present (which is the case 

of intact specimens). The more the amplitude decrease plot shape differs from a straight line, the 

more the r
2

 coefficient tends to zero. Figs 6 and 7 show these plots in graphical form.  

Table 1: Mean relative amplitudes (in per cent) of higher harmonic frequencies with respect to that 

of the first harmonic and the correlation coefficient squared values  

Specimens  f2/f1  f3/f1  f4/f1  f5/f1  r2

non frozen  87,4%  74,7%  66,0%  48,7%  0,996  

300 freeze-thaw cycles  88,9%  69,0%  63,9%  43,4%  0,824  

accelerated degradation  81,8%  82,4%  59,1%  52,8%  0,377  

Fig. 6: Graphical comparison of higher harmonic amplitudes for tiles (mean values) Fig. 7:  
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Variation of the correlation coefficient square for the first three harmonic frequency amplitudes  

Fig. 7: Correlation coefficient r
2

In order to verify the results, other physical quantities characterizing the specimen structure have 

been evaluated. For the specimens under test, modulus and strength values have been determined. 

Table 2 (below) demonstrates their decrease with growing degradation degree.  

Table 2: Mean values of the moduli of elasticity and deformation and the average flexural 

tensile strength for ceramic tiles  

Specimens  

Modulus of 

elasticity E 

[GPa]  

Modulus of 

deformation E0

[GPa]  

Flexural tensile 

strength Rtf 

[MPa]  

non frozen  54  54  33,5  

300 freeze-thaw cycles  50  49  31  

accelerated degradation  36,5  36  22,5  

Impact-echo method was also applied to the specimen under test. When Impact-echo tested, the 

tiles, which had been subjected to the freeze-thaw tests or which had been thermally stressed in 

liquid nitrogen vapours, showed upward shifts of the predominant frequencies (Table 3). Moreover, 

noticeable additional frequencies occurred in the frequency spectrum. These measurement results 

also furnish evidence that the degradation cycles deteriorate the ceramic specimen structural 

integrity [6, 7].  

Table 3: Mean values of the predominant frequency shift in degraded ceramic tiles with 

respect to the tiles which have not been thermally stressed  

Specimens  Shifts of the predominant  

 frequencies [Hz]  

after 300 freeze-thaw cycles  810  

after accelerated degradation  1 310  
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4. Conclusion 

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 common 

defects. It has also been verified that the transfer functions of degraded specimens correlate fairly 

with the material structure defects. Frequency spectra of temperature cycle loaded tiles (two 

different loading modes) showed non-linear effects to be present. The tiles which had been subjected 

to 300 freeze-thaw cycles show the third harmonic component to be emphasized, whereas the liquid-

nitrogen vapour loaded cycles emphasized the odd-numbered harmonic components, namely, the 

third and the fifth. The non-linear effects appear to result from the degraded tile structural integrity 

deterioration. For the first three harmonic frequencies, the correlation coefficient square nears unity 

for non-frozen tiles. The freeze-thaw cycle loading results in a decrease of the r
2

 coefficient. The 

drop is more pronounced for liquid-nitrogen vapour loaded specimens. The correlation of the non-

linear effects with the structure damage has been verified by other verification experiments.  
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