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Abstract
The paper deals with nonlinear interaction between elastic wave and structural defects in 
concrete specimens. Our research has addressed three groups of specimens which differed 
from each other in the structure quality. Non-standard concrete hardening conditions resulted 
in the development of micro-cracks in the specimen structure.  In the first stage of the 
experiment we aimed at identifying the effect of non-standard conditions of the concrete mix 
hardening on the structure integrity. A single harmonic ultrasonic signal method was applied 
to the specimens and evaluating of  the second and third harmonic components as a quantity 
of nonlinearity was reviewed. After the first measurements the specimens were undergone 
freeze-thaw cycles. In the second stage of the experiment our objective consisted of 
determining how the freeze-thaw cycle application induced degradation that depends on the 
input structure initial quality. Verification measurements which have been carried out in 
parallel with the nonlinear ultrasonic ones, give evidence of the specimen structure integrity 
deteriorations and confirm the correlation between the non-linear effects on the transfer 
characteristics with the existence of defects in the specimen internal structure. 
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1. INTRODUCTION

Nonlinear ultrasonic spectroscopy represents new possibilities in acoustic non-
destructive testing of material damage [1-3]. One of the fields in which a wide 
application range of nonlinear ultrasonic spectroscopy methods may be expected is 
civil engineering [4]. Poor material homogeneity and, in some cases, shape 
complexity of some elements used in the building industry, are heavily restricting the 
applicability of "classical" ultrasonic methods. Therefore, development of new and 
simple defectoscopic methods, capable of determining the integrity of these 
problematic structures or building elements is of sign importance. Our experimental 
and theoretical research work was focused first on ceramic elements [5, 6]. Having 
gained first results and experience, we switched our focus on concrete structures, 
showing higher degree of inhomogeneity and roughness as compared with ceramic 
materials [7]. 

2. EXPERIMENTS
The three groups of the specimens of dimensions 4cmx4cmx16cm were prepared 
from a fine concrete mix, mixed cement and fine-grained aggregates were used. The 
first specimen group (denoted V) was kept, in accordance with standard conditions, 
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in water for the entire hardening period (28 days). In this case no water content 
reduction took place. The second specimen group was kept in air in laboratory 
environment conditions (denotation L). In consequence of water content reduction 
after setting, the specimens shrank and microcracks arose in the specimen 
structures. The third specimen group (denoted S) was placed for twelve days of the 
hardening process into a dryer (60oC) in order to increase the specimen load and get 
heavier structure deterioration. All three sample groups were subjected to the 
degradation.  The goal of the experiment consisted in determining how the freeze-
thaw cycle application (50 cycles) induced degradation depends on the structure 
initial quality.

Single-harmonic-signal nonlinear ultrasonic spectroscopy method was applied to 
the tests of concrete specimens. An ultrasonic generator with a frequency f1 = 30 kHz 
was used as an exciter to generate a harmonic ultrasonic waves in the specimen. 
The measurement results were represented in the form of transfer function frequency 
spectra. It was investigated whether in case of  structure damage specimens, the 
transfer function showed a nonlinear effects, which were due to the specimen 
structure defect. 

3. MEASUREMENT RESULTS

The Figures which follow show the measurement results, namely, the higher 
harmonic frequency amplitudes as a percentage of the 1st harmonic (exciting 
frequency H1) amplitude. Fig. 1 shows the results obtained from V2 specimen and 
represents the results obtained from the group of V specimens. During the hardening 
period, these specimens were kept – according to standard conditions – in water. 
Curve No 1 belongs to the measurements being carried out prior to the thermal 
degradation. The amplitudes are seen to fall with the growing harmonic frequency 
order.

Fig. 1 Higher harmonic frequency amplitudes expressed as a percentage of the 
first harmonic amplitude, V2 specimen. 

Curve No 2 shows the measurement results obtained after the application of 50 
freeze-thaw cycles. The third harmonic H3 is predominating in the curve in amplitude, 
whereas the amplitudes of the second H2, fourth H4 and fifth harmonics H5 are seen 
to have decreased, the amplitude of the fifth harmonic H5 exceeding slightly that of 
the fourth H4 one. 
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Fig. 2(a) illustrates similarly the results obtained from specimen L1, representing 
the specimens hardened in laboratory condition environment, i.e., in open air, without 
water. In this case, curve No. 1 (measurement results prior to degradation) shows 
some symptoms of non-linearity. The magnitude of the fifth harmonic H5 exceeds 
that of the fourth harmonic H4. Curve No 2 demonstrates a drop in the second 
harmonic H2 and the predominating value of the third harmonic H3. 

Fig. 2(b) shows the measurement results for S2 specimen, representing the group 
of specimens, which were exposed to 60oC while hardening. This specimen group 
also exhibits non-linearity symptoms, which are similar to those obtained prior to the 
freeze-thaw cycle application (curve 1). Higher harmonics are attenuated heavily. 
The amplitudes of the odd-numbered harmonic H3 and H5 exceed those of the even-
numbered ones, H2 and H4. After 50 freeze-thaw cycles have been applied, the 
shape of curve No 2 appears to be similar, however, the higher harmonic amplitudes 
are not as much attenuated as in the first measurement, reaching higher values than 
formerly. It is supposed that the specimen structure integrity has improved as 
a consequence of the thermal stress. The specimens are soaked in water in the 
course of the degradation cycles, which has probably caused additional hydration of 
cement grains [8, 9]. 

Fig.2 Higher harmonic frequency amplitudes expressed as a percentage of the first 
harmonic amplitude: (a) L1 specimen, (b) S2 specimen. 

4. CONCLUSION

Our experiments focused on monitoring the structural integrity of concrete specimens 
by means of the single-harmonic ultrasonic signal method. Specimens manufactured 
from fine concrete mixes and differing from each other in the concrete structure 
integrity were studied in our experiments. In two specimen groups micro-cracks were 
generated in the structure due to the lack of humidity. Degradation of the specimens 
of all three groups was caused by applying 50 freeze-thaw cycles.

We investigated whether the specimen structure integrity was impaired due 
shrinking-induced stressing as a source of non-linear effects in the propagation of 
elastic waves. In the case of stressed specimen groups (L and S), there appeared 
microcracks-induced  nonlinear effects in the frequency spectra. They took effect in 
emphasizing odd-numbered harmonics (particularly, the third one H3) and, in the 
case of more heavily damaged specimens (group S), in a high attenuation of higher 
harmonics.
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In the second experiment stage, we studied the consequences of the freeze-thaw 
cycle application on the transfer characteristics of the specimens belonging to the 
different groups. The shape of the transfer characteristics of the three group 
specimens was similar. The curves gave evidence of non-linear effects: odd-
numbered harmonics, particularly, the third harmonic H3, are prevailing the 
frequency spectra.  The frequency spectra of the V group specimens (intact structure 
integrity prior to degradation) showed the greatest structural changes resulting from 
the freeze-thaw cycle application. Group L specimens (lower amount of hardening-
induced damage) showed an enhanced demonstration of non-linear effects, thus 
indicating a growth of micro-cracks. Odd-numbered harmonics H3 and H5 are 
emphasized in both frequency spectra of the V group (with pre-degradation structure 
integrity damage of larger extent). However, a lower post degradation attenuation of 
higher harmonics in comparison with the first measurement is observed, probably 
due to additional hydration of cement grains in the course of the degradation 
process.
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