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Abstract

New methods of nonlinear ultrasonic spectroscopy have been applied to the non-destructive 
testing. The non-linear ultrasonic spectroscopy methods are based on the wave propagation 
related non-linear effects and higher harmonic signal generation in the vicinity of defects.  
Due to the defects being present in the structure, the atom potential energy ceases to be 
exactly harmonic and, consequently, second and third harmonic frequency components 
arise. The present paper deals with the application potential of these methods to evaluating 
the structural integrity of sandwiches made of Hurdis ceiling slabs. Based on extensive 
measurements, analyses and results verifications for small-sized ceramic products by means 
of these methods, a methodology has been designed for measuring both separate Hurdis 
slabs and sandwiches made of these slabs. Two measurement methods have been applied, 
namely, using a single and two excitation signals. Both methods proved to be highly sensitive 
to the presence of crack-type defects in the sandwich specimens under test. Based on thus 
obtained results, we are justified to expect the non-linear ultrasonic spectroscopy, 
continuously utilizing advanced research developments, to become an important part 
of diagnosing the condition of building elements and structures. 
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1. Introduction

Prefabricated ceiling structures made of Hurdis slabs have a long tradition in this 
country. They are popular because of their easy assembly, in which no heavy-duty 
hoisting mechanisms are necessary, for example, in small-sized constructed facility, 
such as family homes. However, breakdowns of ceiling structures made of these 
slabs, which started occurring in the past decade, 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. Following phenomena are common for all 
of these Hurdis slab ceiling failures: severing of 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 failure 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 Hurdis slabs, which were 
built-in into the ceiling structures, had contained cracks prior to being built-in. 
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The fact that the first symptoms of the ceiling failure may appear quite a long time 
after the structure completion makes another source of complication as the user of 
the real estate in question has meanwhile surely lost any knowledge of the ceiling 
assembly method having been used. In spite of that, it may be seen that even now, in 
the period of a rush development of new building technologies, the general standard 
of our knowledge of the ceramics’ mechanical and physical-chemical properties, 
particularly when in combination with other materials, proves to be insufficient in 
some cases. Given the Czech Republic brick plants’ yearly output in HOURDIS slabs 
amounting to 5 to 6 Mio units, a total of several ten thousand constructed facilities 
with these ceiling slabs have been erected since the early nineties. The mentioned 
failures may therefore be expected to recur in the years to come. This is why 
a search for methods to examine the jeopardized ceiling structures and assess their 
static reliability is still of importance. 

For the time being, following diagnostic methods have been tested and proved to 
be applicable in the laboratory as well as the jeopardized structure environment: 
acoustic methods (listening, acoustic emission, ultrasonic methods), visual checks, 
long-term monitoring of the crack evolution by means of a data logger, miniature 
movie camera inspection, endoscope/fibroscope inspection, specimen drilling-out, 
impulse shock and dilatometric methods. The results obtained by the mentioned 
method application show that only some of the methods are really field-applicable. 
The simplest method to apply is the tracking ball tapping (the structure response may 
reveal dangerous defects). A micro-camera or endoscope inspection is very likely to 
detect a crack (there is a problem of a large number of boreholes in the ceiling 
structure). Ultrasonic examination being applied after the plaster coat is removed 
from the wall surface has proved to be quite a reliable method [1]. 

Another piece of information resulting from the above measurements shows that it 
is essential to discriminate between the ceiling structure damage types which are 
related to the concrete or body volume variations and the defects which are induced 
by other causes. 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. These 
cracks are due to technology faults taking place during the manufacturing process. 
Defective slabs can be discarded in the course of the output check.

Acoustic methods are based on the generation and propagation of elastic waves in 
the objects under test. Numerous elastic wave interactions with different interfaces in 
the bulk are resulting in the wave dispersion, attenuation and non-linear behaviour, 
which may be employed to pursue the material structure changes and detect 
structure defects. Recently, a great attention has been paid to the study of dynamical 
non-linearities, which constitute the basis of new defectoscopic methods. 

2. Nonlinear ultrasonic spectroscopy 
Nonlinear ultrasonic spectroscopy is based on a non-linear behaviour of common 
defects and inhomogeneities affecting the elastic wave propagation [2]. It employs 
both the non-linear effects in the wave propagation process and the higher harmonic 
signal generation in the vicinity of the defects. Due to the defects being present in the 
structure, the atom potential energy ceases to be exactly harmonic. Second and third 
harmonic frequencies arise. Unlike the acoustic emission method, allowing to localize 
the currently emerging cracks and defects only, the non-linear ultrasonic 
defectoscopy is all-defect-sensitive, thus constituting a method applicable to the 
characterization of material quality and reliability. Nonlinear ultrasonic spectroscopy 
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methods were investigated from their usage point view  for structure defects 
detection  in ceramics materials. 

3. Experiment part 
Based on extensive measurements, analyses and results verifications for small-sized 
ceramic products by means of these methods, a methodology has been designed for 
measuring both separate Hurdis slabs and sandwiches made of these slabs [5-7].
The sandwiches (Fig. 1) were made of two types of slabs (with flat and chamfered 
front faces) showing no visible cracks. The concrete layer thickens amounted to 
2 cm, 3cm and 4 cm. Separate slabs destined for fabricating the sandwiches as well 
as completed sandwiches were tested.

Fig. 1 Sample sandwiches

The sandwiches were measured at two time intervals, namely, 7 days and 28 days.
To provide for easy and well reproducible attachment of the sensing and transmitting 
elements, steel shims were cemented to the specimens. Probes can be pasted to 
and removed from these shims without damaging the concrete specimen surface. 
Magnetic interface sensors provided good result reproducibility, too. The 
measurements aimed at checking the quality of the ceramic ceiling slab to concrete 
layer junction. Two measurement methods were applied while testing the 
sandwiches: the first using a single exciting signal and the other using two exciting
signals. Both methods, together with the respective measurement setups are 
described in [3,4]. This is why we are showing here only a photograph of the double-
exciting signal measurement setup (Fig. 2). 
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Fig. 2 Double-ultrasonic signal excitation experiment setup 

3.1. Measurement results 

Our measurement results are shown in following diagrams. Figures 3 and 4 
represent our measurement results for a separate ceiling slab prior to assembling 
a sandwich. Fig. 3 shows a transfer function versus frequency diagram for an exciting
frequency of 23 kHz, as picked up from a slab labelled H1. The frequency spectrum 
contains – in amplitude descending order – frequency components up to the 6th 
harmonic. The diagram shows clearly the amplitude decrease with the growing 
component order. 

Fig. 3 Frequency spectrum of an intact ceiling slab 

The next Fig. 4 shows the results of our measurement of a H1 slab to which two 
ultrasonic signals f1 = 23 kHz, f2 = 19 kHz have been applied. A difference component 
of a frequency fv = 4 kHz was looked for. 
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Fig. 4 Frequency spectrum of H1 Hurdis slab 

It is clear from the diagram that no inter-modulation of the two ultrasonic signals
takes place, which gives evidence of the structure integrity of the slab under test
being intact.

Testing of sandwiches manufactured from undamaged slabs is illustrated in 
Figures 5, 6 showing the results obtained from SH1 sandwich consisting of H1 slab. 
The transfer function of Fig. 5 corresponds to the exciting signal of a frequency of
23 kHz. Higher harmonic frequencies do not show any progressive drop 
in amplitudes as was the case of the H1 separate slab (Fig. 3). The odd-numbered 
harmonic amplitudes (H3, H5) exceed in values those of the even-numbered ones
(H2, H4). 

Fig. 5 Frequency spectrum of SH1 sandwich 
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When the double-exciting-signal method was applied, the exciting signal frequencies 
were close to each other, namely 19 kHz and 23 kHz. No exciting frequency 
difference components occurred in the frequency spectrum of the separate slab H1 
(Fig. 4). In the case of the SH1 sandwich (Fig.6), inter-modulation of the two exciting
frequencies took place in consequence of visible cracks which had arisen in the 
ceiling slab web. The frequency spectrum (Fig. 6) is dominated by the amplitude of 
the first difference component (f2-f1 = 4 kHz) and its second harmonic (8 kHz). 

Fig. 6 Frequency spectrum of SH1 sandwich in the case of double ultrasonic signal 
excitation

4. Conclusion 
Single-exciting-signal method:
Separate undamaged ceiling slabs: Higher harmonic component amplitudes appear
to decrease progressively with the serial number growth. In the transfer functions
corresponding to the sandwiches made up from these slabs there appear non-
linearities, which are due to the cracks that have arisen in the slab webs. 
The amplitudes of odd-numbered harmonic frequencies, the third and the fifth, 
exceed in values those of the even-numbered ones, the second and the fourth.
For the results obtained from the specified specimens to be interpreted correctly, 
special attention is to be paid to the exciter-to-specimen and specimen-to-sensor 
acoustic coupling. This is the only way to eliminate poor contact-induced-distortion
being attributed to specimen structure defects. 
Double-exciting-signal method: 
The sandwich measurements have confirmed the existence of inter-modulation of the 
two exciting frequencies. In our experiment setup using mutually close exciting
frequencies, the first difference component was detected immediately, its second 
harmonic component being highlighted in the frequency spectrum.

Our experiments have proved both of the above mentioned methods to be highly 
sensitive to the presence of crack-type defects and non-linear phenomena to 
correlate with these defects. They have confirmed the cracks to have arisen in the 
ceiling slabs during 7 days after the concrete layers had been fabricated. Structural 
integrity was damaged in all of thus manufactured sandwiches.
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