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Abstract

The lateral heating procedure is applied to frescoes. A dedicated algorithm is proposed to
reconstruct conventional thermograms and to identify detachments of the plaster and cracks. Then
a map of defect location and extension is produced. Two numerical models have been implemented to
simulate tests. A prototype equipment was also developed and applied both in laboratory and in situ.

1. Introduction

IR thermography is a well known method for Non-Destructive Testing (NDT) of works of
art and particularly frescoes. Recently, the use of dynamic techniques and quantitative
processing of data has allowed a significant increase in the reliability of findings. However, as
the absorption coeffigient of paint varies on the surface, false alarms may be produced when
the fresco is thermally stimulated by absorption of radiation. In order to reduce this problem
a shift of the spectrum emitted by the heat sources towards IR is proposed. Another problem
related to the dynamic approach is the very long inspection time due to the low thermal
diffusivity of the plaster. This is particularly important when large surfaces must be tested so
that a mosaic has to be composed from individual areas.

Starting from the flying spot or box car technique [1-3] the lateral heating has been
introduced to detect cracks. In a previous work [4] the tuning of the procedure, taking into
account the low thermal diffusivity of plaster, has been investigated. Some authors applied
the lateral heating of structures with a linear lamp in order to increase the very low
productivity of the flying spot technique [5-8]. The use of a convective heat source at
laboratory stage was also suggested [9] to get rid of the absorptivity variation in colored
surfaces. In the present work this technique is used to detect in the same experiment two
kinds of defect: the detachment of the painted layer and cracks.

The use of thermal models allows to fit at the best the tight requirements related to the
inspection of frescoes. The problem of modeling the temperature pattern due to a vertical
crack is specially stressed in this work.

2, Description of the algorithm and thermal model of a moving line source

A linear motion of the source at constant speed is adopted to reach a uniform stimulation
of the fresco and to avoid disturbance of side testing. Of course, the maximum temperature
on the surface is reached at different time. Therefore, the following algorithm is proposed to
reconstruct images. Let us consider the heat source moving from left to right in the camera
field of view. A set of new images is generated sampling and stacking in a matrix the same
row in each successive image of the sequence. A tilted warm line appears on any synthetic
image representing the maximum heating (MHL) of any pixel. Of course the slope of the MHL
depends on the source velocity, the sampling time, and the field of view of the IR camera.
Each line parallel to MHL is isochrone, incorporating pixels having the same time of
occurrence in the thermal process. This corresponds to the usual set-up when the IR sensor
and the heat source are linked at a fixed offset. The distance between parallel lines
characterises the time delay. Finally, the composition of all the lines produces the searched
isochronous thermogram, that is corresponding to a particular time delay referred to the
heating.
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A model of the thermal problem allows to choose the source speed, to predict the correct
time delay in the inspection, and to control the maximum temperature increase on the very
sensitive surface of the fresco. Two different models of the layered target have been
developed. Both of them are suitable for the considered defect type and yields also to
inversion functions to estimate the depth of delaminations. The temperature pattern of the
surface, caused by the detachment of the plaster layer (thickness 25mm) from the bearing
brick wall (thickness 500mm), is predicted by a finite element 2D numerical model. Such
a model was implemented in the Matlab™ environment. An air filled defect (thickness 5mm)
was placed at depths of 5, 15 and 25mm. The thermal properties assumed for the materials
are: a) plaster density /=1440 kg m?, specific heat c,=840 J kg™* K™, conductivity 1=0.48 W
m K b) brick wall p=1600, ¢,=840, 1=0.69; c) air p=1.2, ¢,=700, 4=0.03. To simulate the
surface heating with a moving heat source from left to right, a Gaussian function with a full
width at half maximum (FWHM) of 30 mm and moving with a velocity v=0.025 m s was used
in a similar way presented by Lehtiniemi et al.[10]. The boundary conditions on the front
assume a convective coefficient /=10 W m? K, other surfaces are adiabatic. Fig. 1a collects
in an image the computed temperature profile for each point (node of the grid) of the surface.
The gray level expresses the temperature. A distortion in the cooling stage (due to the
defect) is evident in the centre of the image. Fig. 1b shows 3 profiles of temperature signals
corresponding to the three simulated defects.

The behavior of a crack is simulated by a model leading to a closed analytical solution
[11]. We assume as a starting point that the medium is semi-infinite and moving along the
x direction under the source of heat fixed in the x=0 position. The source which is infinite
along the y direction has a finite dimension along x (-b<x<b), delivering heat at a rate g. The
vertical crack is located at x; and represents an ideal infinite thermal resistance (see Fig. 2a).
In the steady regime the solution is time-independent and is accounted by the following
formula:

X)—2ﬂ j ollu{au (1)

v,

where « is the thermal diffusivity of the material; X=xv/2¢ and B= bv/2« are dimensionless
spatial coordinate and extension of lamps, respectively; K is the modified Bessel function of
zero order. Fig. 2b shows some typical temperature profiles for the adopted model with
o=3.96 10'm? s 1=0.48 W m™" K, g=15000 W m™. The three curves correspond to
v=0.025, 0.05, 0.1 m s from the highest to lowest respectively, while x=+b=+0.045m
correspond to the lamp borders and to an abrupt change of temperature slope. The image
source principle is adopted for crack simulation. Assuming that no heat is passing through
the crack, we model the actual temperature as due to the real source plus a second fictitious
one, located symmetrically with respect to the crack. Results for different heat source
velocities are given in fig. 2c where x represents the crack coordinate, while-the IR sensor is
positioned immediately after the end of the lamp (x,=0.045m). When the crack is far from the
detector, a constant temperature is obtained, while an increase is observed as the crack
approaches the probe position. Of course, when the crack overcomes the probe position,
a symmetric negative peak appears. This means that in any interval centered on the detector
position, the average value of the temperature must be constant as it is the delivered energy.

3. Experimental results

A dedicated equipment was set up in order to stimulate the surface, while
a hermographic equipment (Agema™ 900 LW, 8-14 um) stored a sequence of thermograms
in digital format 272x136 pixels with a resolution of 12bit/pixel. The radiation of a linear lamp
(3000W electrical power, 700mm long) was focused on a strip at a distance of 30mm. The
nominal 400V voltage supply was reduced to 220V in order to shift the irradiated wavelength
towards the IR band thereby reducing differences in the energy absorption. The equipment
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was placed on a motorized rail controlled trough an inverter. The surface was scanned by the
source at a constant speed in the range from 0.017 to 0.1 m s'1. A preliminary version of the
equipment is shown in fig. 3a during former tests.

The procedure and the equipment were tested on a segment of wall covered with
unpainted plaster containing artificial defects at known positions. This specimen simulating
an ancient wall was manufactured by a specialized workshop. During the heating a faster
data acquisition was chosen and the process lasted from 10 to 60s, depending on the source
speed. Then the source was switched off and the still IR camera slows down the acquisition
rate, grabbing images for another 1000s. Fig. 3b shows the isochronous image reconstructed
from the sequence, as it were heated at the same time. A modified version of the thermal
tomography algorithm [12,13] was applied. Fig. 3¢ shows the normalized thermal contrast
profiles versus time for detached zones in depths of 8, 12, 15 and 20mm, respectively.
Finally fig. 3d illustrates the tomogram of defects at 12mm depth.

A second set of experiments involves three samples of frescos containing both
detachments and a crack (see fig. 4a). Fig. 4b exhibits the map of thermal signal amplitude
when the source moves at 0.025 m s™. The crack and an underlying detachment are well
| seen in the middle of the central specimen. Fig. 4c explains how results have been
produced. For example, the line marked on fig. 4a is examined along the thermograms
sequence, and the stack along time of this row is shown in the upper part of fig. 4c. The
lower part of the same picture reveals an isochronous thermal profile that is drawn along the
tilted line parallel to the MHL after the heating. The footprint of a crack is visible in the middle
of the profile. Of course, the same characteristic signals are also produced at any edge of the
three samples. In principle, similar results could be obtained also before the heating, but it
was theoretically found that this requires a much slower speed of the source. It is worth
noticing the similarity of this picture with the simulated results of fig. ta. Finally, all
isochronous profiles are composed giving an isochronous thermogram.

The last experiment was performed under control of the cultural heritage supervisor,
inside the "Palazzo della Ragione" hall, a historical building at Padova, frescoed during the
Renaissance age. The whole fresco is more than 1000m? rising up to a height of 10m. To
overcome some practical problems the second prototype shown in fig. 5 was set up. Fig. 6a
shows a raw thermogram of an area of approximately 4m? taken after the complete scanning
by the heat source. In this zone both two cracks and a large detachment were found and
confirmed by restaurateurs. These results are depicted in fig. 6b obtained according to the
modified version of the thermal tomography algorithm.

4. Conclusions

The method proposed to monitor frescoes using a linear lateral heating was tested both
in laboratory and in situ. Experimental results are in agreement with theoretical ones but
a significantly higher value of thermal diffusivity of the plaster is suspected. In fact, an earlier
thermal response is generally measured, if compared with results of the thermal model.
Special efforts were spent to model the surface temperature due to a vertical crack.

A main problem arises under the specific reconstruction procedure that makes
isochronous images. A high frequency noise appears, particularly, when the image at
maximum heating is reconstructed in order to normalize the contrast, due to the sampling
process of any.digital image. This introduces vertical fringes as artifact. A development of the
procedure is going on in order to solve such a problem and to speed up the inspection,
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Fig. 3a. Early version of the Fig. 3b. Reconstructed isochronous
experimental set up at laboratory and surface temperature on a plaster
the used specimen of an ancient detachment after heating with a linear lamp
unpainted wall ataspeed 0.03ms”
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Fig. 3d. Thermal tomography of an artificial
detachment at 12mm depth by lateral
heating
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reproducing a fresco a few minutes after  Fig, 4b. Maxigram related to the specimen
end of heating of fig. 4a obtained at a speed of 0.025 m s
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Fig. 4c. Image produced stacking the
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