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INTRODUCTION 

The art of Ceramic represents a common issue of the handicraft tradition of many countries assuming, in 

particular cases, high specific local aspects recognized and appreciated all over the world. This is the case 

of Azulejos, a distinctive element of the extraordinarily rich heritage of Portugal. The use of glazed 

ceramic tile panels, originally applied as a decorative and protective finishing, during the centuries 

developed into an integral part of the architecture in a very characteristic way making the Portuguese 

style unique. 

Indeed azulejos are a durable architectural finishing; nevertheless their durability can be compromised 

due to manufacturing defects. The most critical of them is called “shivering” and derives from a mismatch 

between the coefficient of thermal expansion of the glazed layer and that of the clay body when, after the 

second firing, the clay contracts much more than the glaze. This aspect plays a fundamental role during 

the cooling phase when a compression is induced on the glaze which can locally be detached from the 

clay body, creating a thin cavity of air at the interface (this phenomenon is called “shivering”). Several 

azulejo panels, both in Portugal and in Brazil, are affected by this defect, which is quite dangerous 

because it goes un-noticed but from a slight modification in the glaze surface flatness. When the clay 

absorbs moisture containing soluble salts from the wall, and if the glaze has a pore on the delaminated 

area, the water will evaporate and salt crystallize inside the air cavity, pushing the glaze up until it breaks 

and falls off. An initial lacuna in the decoration is thus formed whose area can be of several square 

centimetres [1]. If not promptly treated, the degradation can develop from a limited lacuna till the 

complete loss of the glazed layer with its pictorial content, Fig.1. In particular, Fig.2 shows delamination 

due to shivering, with the position of the evaporation pin-hole imprinted on the clay, and grazing view of 

another area of the same panel making the delamination apparent (Madre de Deus Convent, Lisbon). 

 

Fig.1: Delamination between clay body and glaze. 

  

Fig. 2: Typical glaze loss through efflorescence under a shivering delamination. 

Cases are found nowadays where well over a third of the glazed surface has been lost [1] in a decay 

process that is in progression and will inevitably lead to the loss of whole panels of heritage value. 
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Besides an IR thermographic method still in the early phases of experimenting for heritage azulejos (not 

yet published) and that can only be applied locally, there is at present no defined protocol including 

instrumental diagnosis to reveal glaze delamination, in particular in the early stages. Moreover, the 

development of restoration treatments and the research on innovative materials for preventive 

conservation are objects of recent projects [1]. The development of effective and reliable non destructive 

methods, able to detect delaminations before lacunas become visible, is therefore of great value. 

Moreover, if the decay process is in progress, the methods should determine which further areas are 

delaminated and will thus decay next. This means that a clear idea of which tiles, apparently not 

deteriorated to a visual inspection, may present hidden cavities at the interface glaze/clay substratum is 

highly desirable. 

In situ investigations on entire panels would identify the distribution of the most critical nuclei from 

where the complete loss of the glazed layer may start. An appropriate monitoring programme, able to 

screen said distribution during a specific period of time, would help the understanding of the decay 

process, following the evolution of the deterioration phenomena, in relation with the concurring 

environmental conditions. 

In the present study a possible solution to the localization of delaminations is investigated. An acoustic 

technique, denominated ACoustic Energy Absorption Diagnostic Device – ACEADD, was employed on 

site to azulejo panels for the first time. Based on the evaluation of the absorption of sound occurring when 

subsurface cavities are present, the technique provides acoustic images of the studied surface where the 

most critical areas are marked. The experimental tests were carried out in the framework of a 

collaboration between the Laboratório Nacional de Engenharia Civil (LNEC, Lisbon) and the Institute of 

Acoustics and Sensor “O. M. Corbino” (CNR_IDASC, Rome). Acoustic maps of different part of azulejo 

panels, mounted in the renaissance cloister of the Portuguese National Tile Museum, are presented and 

the results discussed. 

THE DIAGNOSTIC METHOD 

As stated before, deterioration phenomena in glazed ceramic tiles may occur with the creation of air 

cavities between the glaze and the clay body. The presence of cavities between two adjacent layers gives 

specific elastic properties to the structure, so that it can no more be depicted as an infinitely rigid system. 

Due to the action of a pressure field, generated by an acoustic source, the detached layer vibrates thanks 

to the elasticity of the system layer-cavity. In this condition, the hidden cavity behaves as a selective 

acoustic absorber, vibrating at specific frequencies, while the rigid wall reflects back the incident wave 

doubling the pressure field in the free half plane. Thus the acoustic absorption coefficient is a suitable 

indicator of the presence of hidden cavities, and its measure is able to discriminate damaged and 

undamaged portions of a surface. 

At present some international standards for the measure of the absorption coefficient are used to 

characterize the acoustic performance of specific products; for instance the international standard ISO 354 

describes the measurement of the diffuse field absorption coefficient in the reverberation room, and the 

ISO 10534 describes the measure of sound absorption coefficient in impedance tube, applied to small size 

samples. The ISO 13472-1 is commonly used for in situ characterization of road surfaces. Nevertheless 

these methods apply to homogeneous structures and materials, or reveal the overall effect of an absorbing 

element, thus they are not particularly effective to characterize in situ more complex and heterogeneous 

structures such as artistic handiworks. 

The experimental method, employed in this work, identifies anomalous acoustic absorption processes in a 

multilayer structure through a non contact 2D scan over the surface under investigation. Using a back 

reflection geometry, particularly suitable for in situ investigations, and a non contact setup the equipment 

automatically scans an area, radiating towards the surface an acoustic wave with audible frequency 

content and recording the reflected wave. A suitable signal processing provides acoustic images of the 

surface, displayed as 2D or 3D maps, localizing the defects where the absorption is high. 

The normal incidence absorption coefficient  is measured through the determination of the surface 

transfer function Hs(), the Fourier transform of the impulse response hs(t) of the surface under 

examination. For this purpose a signal processing based on the Cepstrum algorithm is used allowing a 

direct extraction of the impulse response [2-4]. The acoustic pressure p(t), detected by the microphone M 

at a standard working distance of about 0.5 m from the surface, is the superposition of the incident wave 

pi(t) and the reflected wave pr(t). This last is the convolution of the incident wave and the impulse 



response, delayed by the echo delay time  and corrected by a spherical spreading factor kr, accounting 

for the different paths between incident and reflected waves 

                                            (1) 

where kr = L/(L+c0), L is the distance between source and microphone and c0 is velocity of sound in air. 

The acoustic pressure p(t) is processed by means of the Cesptrum algorithm, defined as the inverse 

Fourier transform of the natural logarithm of the power spectrum of the measured signal, thus obtaining 

the Cepstrum trace 

                                        .    (2) 

The algorithm transforms the second term in Eq. (1), representing the reflected wave, from a convolution 

to a simple sum of the impulse response term in Eq.(2). Furthermore, for suitable acoustic waves and 

characteristics of the transducers and related circuitry, the contribution of the incident wave to the 

Cepstrum Ci(t) is negligible in the vicinity of the echo peak, so that the surface impulse response emerges 

as an isolated and very narrow structure over a quite flat background. Assuming this conditions are met, 

the impulse response can be easily extracted by means of a window function W(t-), centred in  

                                  (3) 

where the expected value of the flat background, b.g. in the equation, is zero. The transfer function Hs() 

results from simply the Fourier transform of the impulse response obtained in Eq.(3), except for a 

multiplicative term e
i

 due to the delay shift, and as a consequence the reflection coefficient r and 

absorption coefficient  are calculated 

                            (4) 
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As far as deterioration of elements of heritage interest is concerned, different indicators can be adequate 

with respect to different levels of analysis. First of all the analysis can focus on the impulse response 

whose features denote the occurrence of absorption, regardless of its frequency dependence, associated to 

the presence of subsurface cavities. This analysis is quite simple and fast, since it applies directly to the 

impulse response hs(t-) after windowing, as shown in Eq.(3). The value of peak height hmax can be 

extracted, or the integral over the time window of |hs(t-)|
2
 can be calculated, equalling the total amount of 

reflected energy, i. The result is associated to point coordinates (xi; yi) and delay time , and collected 

into matrices for building the acoustic maps. 

 
Fig.3: Incident and reflected waves (left); Cepstrum traces with and without reflection peak, (right). 

An ultimate level of analysis is realized obtaining for each point the frequency dependence of the 

reflection coefficient r() or the absorption coefficient (), Eq.(5). The resonance frequency can be 

extracted to determine the depth of the air cavity. 

The theoretical model for an immediate representation of glaze delaminations is that of an absorbing 

panel, with a cavity of air between the panel and the supporting wall, and can be used to evaluate 

expected resonance frequencies. The properties of the system are equivalent to those of typical panel 

absorbers commonly used in buildings, the double-wall systems, whose function is to absorb low 

frequency energy by resonance in its fundamental bending mode. In this model the air cavity stiffness 

determines the resonance frequency f0, a simple mass-spring model where the mass M is concentrated in 

the superficial layer and the spring rigidity is that of the air volume, kair 
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where d is the cavity thickness, S is the section of the cavity that equals the area of the vibrating panel, c0 

and 0 are respectively the sound velocity and density of air, s is the panel surface density (i.e. the 

product of the volume density times the surface layer thickness t). 

This last detail, together with the extension of delaminations visible in the map, may help to define the 

geometry of the cavity. For the present study the i indicator was used in the maps, shown in the 

following sections, and the absorption coefficient analyzed to extract resonance frequencies. 

THE EXPERIMENTAL APPARATUS 

The actual configuration of the ACEADD diagnostic device, Fig. 4, is composed of four basic units: 

U1. the transceiver unit composed of a full range sound source S (100 Hz ÷ 20 kHz) and a miniature 

omni-directional wide band microphone M, in coaxial configuration; 

U2. the transducers circuitry unit for signal generation and recording; 

U3. remote controlled scan unit; 

U4. data acquisition, signal processing and scan unit control. 

 

 

 
Fig.4: The ACEADD device  Fig. 5: The scan and the transceiver units. 

The system generates a wide band sine wave sweep, with flat frequency band containing the expected 

resonance frequencies of the defects under investigation, and records the pressure at the microphone 

through a multifunction acquisition board. For this campaign, the ACEADD system were equipped with a 

linear scan unit (LSU), more flexible and suitable for many different configurations of the site, and the 

standard mounting configuration of the transceiver unit, as shown in Fig. 5. 

THE MEASURING PROCEDURE 

The ACEADD method comprises different actions, summarized as follows. 

- PRELIMINARY TEST: NOISE evaluation, FREE-FIELD analysis 

Preliminary tests aim at the characterization of the environment, and the characterization of the apparatus 

configuration. Background noise is recorded, and the Free-Field condition assessed, setting the 

transceiver unit far from reflecting targets and performing acquisition as during absorption measurements. 

- TRANSCEIVER MOUNTING AND SYSTEM ALIGNMENT TO REFERENCE POINTS 

The microphone is clamped to its holder at a particular distance from the acoustic source, satisfying the 

acoustic wave spherical spreading condition for both the incident and reflected wave. The scan unit, 

mounting the transceiver unit, is aligned with respect to the surface using a laser beam. The boundary of 

the scanned area and some reference points are marked on a digital image of the panel, to overlay the 

measured map on the panel image. 

- REPEATABILITY TEST 

The repeatability of the measurement is evaluated through a number of independent repetitions (usually 

four repetitions), in order to assess the standard deviation of values, helping the successive data analysis. 

- ACEADD MASUREMENTS: ABSORPTION MAPs 

The system scans in a plane parallel to the surface under investigation, following the previously identified 

mesh. In each point of the mesh, the system acquires a number N of acoustic pressure time histories and 

processes the signals in order to collect the whole Cepstrum trace and extract the absorption indicator. For 

the determination of parameters, relevant for the calculation of the impulse response, and for the 

evaluation of the sensitivity of the method to the ambient condition, an environmental parameters 

U1 

U2 

U3 

U4 



monitoring system equipped with temperature and relative humidity probes usually completes the 

experimental apparatus. 

- ACOUSTIC IMAGE ELABORATION 

For the acoustic images elaboration the values of the indicator are calculating with respect to the value of 

a highly reflecting reference point of the map, or to the value obtained on a totally reflecting reference 

material. The results indicate the percentage of energy absorbed by the area of the object under study. 

EXPERIMENTAL RESULTS 

The present investigation was oriented to the assessment of the reliability of the acoustic method in 

detecting early stage delamination. The measurements were realized on site in the Madre de Deus 

Convent, in Lisbon, which houses nowadays the Portuguese National Tile Museum - NMAz. The selected 

location is placed in the renaissance cloister of the building, a part of the exhibition space of the museum. 

The temperature, showing great variation throughout the day (quite cool in the morning and hot in the 

afternoon because of sun exposure), was constantly monitored during measurements and its value was 

used for the correction to sound velocity. Although the location was open to visitors the background noise 

was negligible and did not affect the measures. The azulejo panels, placed all around the cloister, are 

greatly affected by glaze delamination with high percentage of glaze loss. Some acoustic maps were 

recorded at NMAz [5] but only the most significant ones for the object of this study, here identified as 

NMA4 and NMA5, are reported in this work. 

The acoustic excitation for the detection of delaminations was restricted to the high frequency band  

(5 kHz ÷ 20 kHz), in which possible resonances due to cavities beneath the glaze may be found. In order 

to obtain a detailed picture of the surface, a step of 10 mm was used, although the spatial resolution for 

this kind of diagnosis is well above this value and integration is expected [4]. 
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Fig.6: Dispersion of indicator values in NMA4, NMA5. 

From the repeatability tests related to the whole number of detected maps, the overall estimation of the 

distribution around the mean value is well beneath 16% of relative standard uncertainty. This is taken as 

an indication of the uniformity of the values and of the surface. Fig. 6 shows the histograms from the 

maps. An important number of points build up the first map whose dispersion of values approaches a 

Gaussian profile: the central value is around 0.170 and the full width at half maximum FWHM is 0.045 (9 

bins), whose half is about 13% of the central value. Map NMA5 seems to broaden over a great interval 

with a peak showing not a very definite shape: the central value is about 0.150 and the FWHM is about 

0.060 (12 bins), whose half is about 20% of the central value. In both maps a consistent number of points 

constitutes the right hand tail of the distribution representing the most reflecting points, and the left hand 

tail, representing the most absorbing points, are well outlined. From this initial analysis, a slightly 

heterogeneous condition in the first map emerges, while the second one is characterized by a higher 

degree of heterogeneity. 

Different kinds of acoustic images related to map NMA4 are reported in Fig. 7; a sort of delimitation 

between adjacent tiles emerges from the absorption map of this area, containing a great number of 

delaminated boundaries. Exposed bisque is not clearly discriminated at this stage: in principle it can be 

discriminated since its absorption coefficient would show different features, but this aspect will be the 

object of future analyses. The area presents only few parts showing a rather high absorption, mainly 

localized in the four lower tiles, while the upper ones seem to show no evident delamination but relevant 

glaze loss indeed. NMA5 is essentially a map of a single tile whose state appears quite good at the visual 

inspection. Fig. 8 displays the measured absorption percentage for this area, revealing a different 



condition from the expected one, not in agreement with the visual analysis. The most absorbing areas 

correspond to the body of the figure leaving the upper half of the tile in quite good conditions, and to the 

bottom of the adjacent tile at the top of the map. 

From frequency analysis of the sound absorption coefficient, few resonance frequencies clearly emerged 

in some specific points. The most evident resonances were found in the range (11 ÷ 15) kHz. On the base 

of Eq. (6) an evaluation of cavity depth from resonance frequency values was possible, assuming a glazed 

layer of density  = 7.25E+3 kg/m
3
 and 3.00E-4 m thick as a representative example for the panels under 

investigation [5]. The evaluated cavity depths for both maps range from 15 m down to 8 m. Further 

resonances appear at slightly higher frequencies indicating cavity depths down to 5 m, but they fall in a 

range where the transceiver sensitivity decreases. 

CONCLUSION 

The ACEADD method was purposely developed by CNR_IDASC for the detection and mapping of 

detachments in frescoes. It was validated through laboratory tests on artificial detachment models and in 

situ measurements whose results were published in previous papers. The correct localization of 

detachments revealed by ACEADD method was demonstrated. Investigating the scope of the acoustic 

diagnostics, the measurements described in this work represent the first application of the method for 

glazed ceramic tiles diagnostics. 

The attention was specifically focused on the determination of glaze delamination in the early stages, 

since this is the most difficult kind of deterioration in azulejos to reveal. On the basis of the experimental 

evidences, the ACEADD method seems to be able to reveal the presence of cavities with depth down to 

few microns, although a validation through laboratory tests and through a comparison with other methods 

will be fundamental, helping the definition of the device sensitivity. Furthermore, the experimental results 

give evidence to some important aspects that would improve the potential of the acoustic method. A 

reliable calibration procedure of the device is strongly required. At present an accurate calibration 

procedure is under study, in particular the employment of a reference material as the total reflection 

reference measure. Thus an implemented measuring procedure may be applied for future works. 

The ACEADD constitutes a low cost, portable system for non destructive evaluation of decay, suitable for 

wide area scan and tuneable to defects scale. Properly integrated in an extensive and preventive 

investigation, it can provide important indications on the presence and size of subsurface cavities, 

preventing the loss of the glaze layer with its pictorial content. The object of future cooperation between 

LNEC and CNR_IDASC comprises the development of a protocol for preventive investigations on 

azulejo panel when the deterioration is still not visually apparent and based on an integration between the 

ACEADD method, used for wide area scans, and other methods such as IR Thermography, used to 

analyze details with higher resolution. 

ACKNOWLEDGEMENTS 

This work was possible thanks to the efforts of many special people. A special thank to the Director and 

the all staff of the Portuguese National Tile Museum (Museu Nacional do Azulejo). 

REFERENCE 

[1] Mimoso, J-M et al. “Decay of historic azulejos in Portugal - an assessment of research needs” in 

Proceedings of the Int Sem Conservation of Glazed Ceramic Tiles- research and practice, LNEC, 

Lisbon April 15-16 (2009). 

[2] G. B. Cannelli, P. Calicchia "Nondestructive acoustic method and device, for the determination of 

detachments of mural paintings", European Patent EP1190243B1, 6 September 2006; US Patent US 

6728661, 27 April 2004; PCT N. PCT/IT00/00244, 13 June 2000; Italian Patent N. RM 99 A000410, 

25 June 1999. 

[3] P. Calicchia, G. B. Cannelli "Detecting and mapping detachments in mural paintings by non-invasive 

acoustic techniques: measurements in antique sites in Rome and Florence", Journal of Cultural 

Heritage, vol. 6(2), 115-124 (2005). 

[4] P. Calicchia, G. B. Cannelli "Revealing surface anomalies in structures by in situ measurement of 

acoustic energy absorption", Applied Acoustics, vol 63, issue 1, 43-59 (2002). 

[5] P. Calicchia, J. M. Mimoso “Investigation on the presence of detachments of glazed ceramic tile 

panels by means of non destructive acoustic mapping” LNEC Report 134/2010 (2010). 

 



 

 

 

 

 

 

 

Fig. 7: NMA4; Reference point is (14, 8). 
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Fig. 8: NMA5; Reference point is (4, 6). 
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