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Abstract 

Pulse sonic tests were applied to 8 massive stone pillars of a 17" century church 
(S.Nico10 all'Arena at Catania, Italy). The data were processed to obtain 28 
tomographic sections showing the distribution of the elastic wave velocity within 
the tested pillars. The results of the tests are compared in order to check the 
morphology and the state of damage of the pillars. A preliminary frequency 
analysis of the data seems to indicate that these experiments can be used to 
extract the energy absorption distribution. 

1. Introduction 

Sonic tomography is a powerful method to obtain information on the hidden 
conditions and n~orphology of structural elements. In general, the velocity 
distribution is an indication of the elastic properties of the element. 
When the elements can be accessed from all the sides as in the case of the pillars 
of churches, the results can be more reliable because the acquisition can be 
designed to ensure a dense and regular distribution of rays within the horizontal 
sections. 
The authors have developed a broad experience on the subject, on several 
historic monuments [ l ] ,  [2], [3]. [3]. In the following an experience is presented 
of the application of sonic tomography on the pillars of a Church in Sicily, S. 
Nicolo all'Arena at Catania, damaged by the last earthquake. 
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340 Strricturnl Studies, Repairs and Maintenance of Historical Buildings 

The investigations are part of a more - 

extensive diagnostic programme finalised 
to verify the state of damage of the 
building in view of repair intervention. 

2. Problem description 

The investigated Church, S. Nicolo 
alltArena, was built in the 17th century in 
Sicily, Italy (Fig. 1). It has a large dome 
and vaults supported by very massive stone 
pillars with a typical section of about 16 
m2 (Fig. 2). During an earthquake and 
eruption of the Etna volcano the monument 
was invaded by the lava and partially 
collapsed; so it was partially rebuilt. The 

facade. original pillars, which remained at the 
entrance and at the first arcade, were built 

with a different construction technique than the reconstructed pillars. All are made 
with volcanic stones and lime mortar. Nevertheless the original ones have a highly 
inhomogeneous section with a mixture of large irregularly cut stones and rubble 
material. The others have a multiple leaf section with large regularly cut stones and 
rubble filling. 
After an earthquake, which struck the Eastern part of Sicily in 1990, the structural 
elements of the church as the dome and the vaults were damaged and the 
appearance of vertical cracks on the original pillars were detected. It is not clear 
whether those cracks were already visible and were simply propagating during the 
earthquake. An investigation programme (including sonic, radar, flat jack, coring, 
boroscopy, etc.) has been recently planned to design the preservation and 

Fig. 2. Localisation of the tested pillars. 
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:a> (b) 
Fig. 3. Main masonry typologies of the Church. Regular block masonry (a) and 
'incoccio" (b). 

:storation actions. 
he masonry appears characterised by two different typologies: (i) a solid 
:onework built by large and regular blocks and filled with rubble masonry made 
4th rather strong mortar; (ii) a highly inhomogeneous stone masonry surrounded 
y a thick cover made with tile fragments, stones and rather weak mortar. locally 
alled "incoccio" (Figs. 3a and 3b). Often the two typologies are present in the 
ime structural element (Fig. 4). Apparently the second one was used as repair 
xhnique (Fig. 5). 

. Principles of the pulse sonic test 

~mong the ND investigation methods, the sonic methods are with no doubt, the 
lost widely used. The testing technique is based on the generation of sonic or 
ltrasonic impulses at a point of the structure. A signal is generated by a percussion 

Fig. 5. "Incoccio" 30 cm thick, 
Fig. 4. Regular stones and "incoccio". probably used to widen the section of 

the pillars. 
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342 Stnictural Studies, Repairs and Maintenance ofHistorica1 Buildings 

or by an electrodynamics or pneumatic device (transmitter) and collected through a 
receiver which can be placed in various positions. 
The elaboration of the data consists in measuring the time the impulse takes to 
cover the distance between the transmitter and the receiver. The use of sonic tests 
for the evaluation of masonry structures has the following aims: 

to qualify masonry through the morphology of the wall section, to detect the 
presence of voids and flaws and to find crack and damage patterns; 
to control the effectiveness of repair by injection technique. 

The first applications of sonic tests to the evaluation of masonry materials and 
structures have been carried out long time ago in the sixties [ 5 ] .  The difficulty of 
interpretation of the results in the case of inhomogeneous materials like masonry 
was always known and the first results were clearly interpreted as qualifying rather 
than quantifying values. Several efforts have been put in the tentative of 
interpretation of the data from sonic and ultrasonic tests [6]. 
The limitation given by ultrasonic tests in the case of highly inhomogeneous 
material made the sonic pulse velocity tests more appealing for masonry. 
Nevertheless in the case of low porosity units and mortar used in solid or cavity 
walls, ultrasonic tests can also be successfully used. 
Limits of sonic tests to masonry can be defined as follows: 

cost of the operations due to the high number of measurements which has to 
be carried out; 
difficult elaboration of the results due to the difficulties created by the 
inhomogeneity of the material; 
need for the calibration of the values to the different types of masonry. 

The hndaments of wave propagation through solids allow to recognise the 
theoretical capabilities and limitations of the technique. The velocity of a stress 
wave passing through a solid material depends on the density p, dynamic modulus 
E, and Poisson's ratio v of the material. Resolution in terms of the smallest 
recognisable features is related to 1, the dominant wave-length of the incident 
wave, which is given by A = v/f, where v is the velocity and f the dominant 
frequency. 
Hence, for a given velocity, as the frequency increases the wave length decreases, 
providing the possibility for greater resolution in the final velocity reconstruction. 
It is beneficial, therefore to use a high frequency to provide for the highest possible 
resolution. However there is also a relationship between frequency and attenuation 
of waveform energy. As frequency increases the rate of waveform attenuation also 
increases limiting the size of the wall section which can be investigated. The 
optimal frequency is chosen considering attenuation and resolution requirements to 
obtain a reasonable combination of the two limiting parameters. 
Mechanical pulse velocity equipment can be used to acquire pulse velocity data. 
The input signals are generated by a hammer, often instrumented, and the 
transmitted pulse is received by an accelerometer positioned on the masonry 
surface. Some other instruments generate impulses by means of a pendulum 
apparatus, which permits repeatable input waves. In this last case the hammers 
provide a mass falling down from the same distances [7] .  The frequency and energy 
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Sfruchcrai Sides,  Repairs and Mumtenance ufHrsrorica1 Buildings 343 

content of the input pulse are governed by the characteristics of the hammer [8]. 
Signals are stored by a waveform analyser coupled with a computer for further 
processing. 
Three types of tests can be conducted: (1) direct (or through-wall) tests in which 
the hammer and accelerometers are placed in line on opposite sides of the masonry 
element, (2) semi-direct tests in which the hammer and accelerometers are placed at 
a certain angle to each other, and (3) indirect tests in which the hammer and 
accelerometer are both located on the same face of the wall in a vertical or 
horizontal line. 
The velocity and waveform of stress waves generated by mechanical impacts can 
be affected by: 

Input frequency generated by different types of instrumented hammers and 
transducers; 
Number of mortar joints crossed from the source to the receiver location; the 
velocity tends to decrease with the number of joints. 
Local and overall influence of cracks. 
Variation of the input frequency with the characteristics of the superficial 
material (e.g. presence of thick plaster or cracks). The sonic test in this case 
shows a very important limit. Due to the wall structure or to the presence of a 
thick plaster (with fresco) the high frequency components might be filtered. As 
a result, the output signals will have a rather low frequency content. Since the 
wavelength is equal to the ratio between wave velocity and frequency, this 
effect leads to an output signal that contains only very long wavelengths. The 
sonic test in this case does not have a resolution able to detect in detail the wall 
morphology but it gives an overall description of the position of low velocity 
points. 

4. Sonic tomography 

Among the ND applications the tomographic technique is quite attractive for the 
high resolution that can be obtained [l], [9], [IO]. 
Tomographic imaging is a computational technique that utilises an iterative method 
for processing a large quantity of data collected on the external surface to 
reproduce the internal structure of an object. Standard pulse velocity data could be 
used to reconstruct a velocity distribution within a solid material, thus providing an 
"image" of the masonry interior. 
The technique gives a map of the velocity distribution on a plane section of the 
structure under investigation. The input to the method consists of the traveltimes 
taken by the elastic wave to cross the structure along several directions which 
uniformly cover the section under investigation. The section of the masonry is 
marked by a mesh grid whose dimension is related to the expected resolution and to 
the distance behveen two subsequent transmission or receiving points. The 
calculation is carried out, in the case of sonic tests, under the hypothesis that in a 
non-uniform velocity field sonic impulses do not necessarily propagate along 
straight lines but can follow curved lines according to Snell's law. 
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Because of the cost due to the acquisition time and processing complexity, a 
tomographic survey needs good understanding of which results can be achieved and 
how. In fact, the accuracy of tomography depends on many parameters: the source 
(sonic or electromagnetic), the number and the position of measurements, the 
equipment settings, the reconstruction algorithms [l], [ l  l]. 
It is essential to stress that the resolution capabilities of tomography can be 
evaluated only taking into account the measurement locations (i.e., the angular 
distribution of the observations and their spatial sampling) and the physical limits 
related to the wavelength [ l  21. 
The result of the tomographic inversion is a map of a property of the materials. In 
case of travel time tomography (TT) the measured quantity is the traveltime of the 
signal and the map is the distribution of the propagation velocity within the object. 
For other types of test (e.g. radar tomography) different parameters can also be 
extracted, as in the case of amplitude tomography (AT) where the measured 
quantity is the amplitude of the signal and the resulting map is related to the 
distribution of the absorption coefficient [l  l] .  Unfortunately, the extension of this 
technique to sonic experiment is not straightforward because the signal amplitudes 
are strongly influenced by the variability of the source and receiver coupling 
efficiency. Nevertheless, there are alternative methods that ignore the amplitudes 
and that are based on the frequency analysis of the data; they were experimented on 
different applications of seismic and ground penetrating radar [13], [l41 and they 
are also promising for these sonic investigations. 

5. Experimental and elaboration of the results 

The sonic tests carried out on the S. Nicolo pillars consist of 28 tomographic 
sections (18 horizontal and 10 vertical) that show the velocity distribution of the 
elastic wave generated by an instrumented hammer in the sonic frequency band. 
The receiving sensors are low-cost accelerometers appropriately fixed on the walls 
and connected to a 24 channel digital seismograph. 
The data were processed by using a dedicated software developed by the authors. 
The two most damaged pillars at the entrance of the church (pillars 1 and 2 of Fig. 
2) have been investigated with much care: five horizontal sections at different 
heights plus vertical sections have been executed on each pillar. 
In Fig. 6 the sequence of the horizontal tomographies of pillar 2 are represented. 
A typical distribution of the velocity on the pillars 1 and 2 shows average velocities 
at the base and at the top of the pillars and very low velocities in the middle. This is 
very clear in the vertical tomography of both pillars even if the vertical sections 
have a lower density of ray as shown in Fig. 7 and Fig. 8. 
The very low velocities that have been found in the pillars 1 and 2 confirm the need 
of urgent preservation actions. From an external observation, the masonry texture 
seems, in fact, very poor, characterised by the presence of the so called "incoccio". 
It is also worth remembering that these pillars show a dangerous crack pattern (Fig. 
9). From coring of the pillars it was also clear that the internal mortar was very 
weak. 
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Fig. 7. Vertical tomography of the pillar 1 

Fig. 8. Vertical tomography of the pillar 2 

The other pillars that have been investigated 
generally present much higher velocities 
indicating a less alarnling state of conservation 
(Fig. 10). 
In particular the pillar 6 seems characterised by 
the better quality material. The observation of the 
masonry texture reveals a large block stonework, 
rather regular. 
Some results on two very large pillars 
characterised by a complex geometry are worth of 
attention (pillars 9 and 12). They show hlgher 
velocities on the narrow side of the pillar and 
lower velocity on the large side (Fig. 1 1). 
Thls trend is symmetrically observed on both the 
pillars and might be related to a specific 

'ig. 6. Horizontal tornogaphies construction design or to a non homogeneous state 
f the pillar 2, at respectively of degradation of these elements. 
.9,7.6,4.9,3.8, 1.8 m 
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346 Structural Studies, Repairs and Maintenance of Historical Buildings 

6. Feasibility study for absorption tomography 

As already mentioned, amplitudes do not represent a useful information with the present 
acquisition technology because they are Influenced by too many factors besides absorption. 
Instead, a different approach can be applied to extract an indication of the abso~tion 
&sh-ibution based on the frequency downshift effect. This approach has been tested on 
Merent geophysical exploration fields as borehole seismic tomography [l31 and radar 

Fig. 9. Crack pattern of plllar 2. 

tomography [14]. Fig. 12 shows a selection of a few 
sonic traces indicating that this effect is also 
observed in our experiments: moving from data 
collected near the source to data collected far from 
the source the dominant components of the signal 
move towards lower frequencies. However, h s  type 
of data collected around a pier needs a carell pre- 
processing to exclude from the spectral analysis the 
contributions of hlgh frequency components given 
by energy travelling in air. 
The parameter that is normally used to measure the 
tiequency downshift effect is the spectrum centroid. 
Some analysis has been done to test whether h s  
parameter is expected to be sensitive enough to 
extract the d o w ~ ~ ~ M  effect from our data. As an 
example, Fig. 13 shows some average spectra 

Fig. 10. Horizontal sections of pillar 6 and pdar 10 at 5.8 m 

Fig. l l .  Horizontal sections of pillar 9 at 1.40 and 4.90 m 
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)btained on Merent clusters of 
lata grouped according to the 
ange of the source-receiver 
listance. The data belong to a 
omographlc experiment on a 
,ection that was found to be quite 
iomogeneous by the velocity 
lnalysis and by other inspection 
nethods; thus, we might also 
:xpect that the absorption 
xoperhes do not vary so much 
md that the down-sluft effect wdl 
~e consistent with the raypath 
ength. 
I'his is actually the case as the 
ipectra and their centroids, 
narked by solid lines, clearly 
ndicate. As a consequence, the 
ibsorption tomographies 
xoduced by backprojectmg the 
:entroid measurements are 
:xpected to be reliable and can 
)e considered for the final 
nterpretation of all the 
nvestigations. 

7. Conclusions 

Fig. 12. Example of sonic traces. 

Fig. 13. Average spectra 

The results obtained from traveltime tomographies are very interesting and 
~asically consistent with the external observations of the pillars. Anyway, being the 
xoblem very complex due to the numerous parameters which can affect the 
ielocity (voids, cracks, filling, etc.). these results will be compared to the ones of 
~ the r  investigations applied to the pillars. In fact, the experience shows that the 
iifficulty of data interpretation can be partially overcome by complementary tests 
is flat-jack, coring and boroscopy. radar, etc. From a methodological point of view, 
:his intensive application of the sonic tomographic method on 8 pillars of the same 
:hurch (an approximate number of 12000 point-to-point measurements are 
ivailable) represents a very interesting dataset that will be further studied to 
:xplore the promising frequency down-shift methods aimed to derive the absorbing 
~roperties of these rnasonries. 
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