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ABSTRACT
In this work, different mosaics covered with various plasters (of thickness and compositions) were evaluated
in lab by means of active long wave, mid wave and near infrared thermography approaches, with the
intention of detecting the tesserae beneath the plastered surface. The different plastered mosaic surfaces were
investigated in the laboratory with the use of Cooling-down Thermography (CDT), Pulsed Phase
Thermography (PPT), Thermographic Signal Reconstruction (TSR), Principal Component Thermography
(PCT) and Near Infrared (NIR Imaging) techniques, in order to identify their sub surfaces – reveal of
mosaics. Thermal images as well as thermal contrast curves between plastered surfaces and plastered mosaics
were also recorded. Special considerations concerning the applicability and accuracy of the used approaches
for this specific application are presented. Results from the assessment are presented and discussed,
indicating that images seeing through the mortar–plaster on plastered mosaic surfaces can be obtained using
active thermography approaches. From the results obtained it is concluded that thermography should be
considered as a valuable appraisal non destructive tool in the investigation of plastered mosaics surfaces.
INTRODUCTION
Since there are strict conservation regulations as far as mosaics and/or historical sites are
concerned, the use of non destructive testing and evaluation techniques is considered to be
essential. Active thermography in civil engineering can be used efficiently in a variety of
applications. The mosaic beneath the plastered surface (i.e. detection of subsurface) due to the
different thermal diffusivity that they present can be realized by different surface temperature.
There is a large amount of research work in the literature concerning the application of
thermography approaches for the characterisation and inspection of building materials - historic
buildings [1], moisture monitoring and assessment in ancient buildings [2], the diagnosis of
surface and near-surface defects [3], as well as subsurface defects [4], the assessment of
conservation interventions and materials in historic structures [5], and the detection of subsurface
layers [6], by employing various active thermography approaches.
PROCEDURES
For this study eight (8) assorted panels (4 mosaic samples consisted of various tesserae covered
with different plasters, 2 mosaic samples without plaster surface, 2 blank samples with just plaster
and no mosaic underneath them) were prepared in the laboratory, simulating different cases of
plastered historic mosaics. The dimensions of each investigated panel were 30cm x 20cm x 4 cm.
The cross section of an investigated panel is shown in Figure 1. The description of all mosaic
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samples is presented in Table 1.

Figure 1: Example of cross section of investigated panel.
Table 1: Description of mosaic samples.
SAMPLE
D1
D2
D3
D4
D5
D6
D7
D8

DESCRIPTION OF SAMPLES
DESCRIPTION
Gold and silver glass sandwich tesserae covered with cement mortar (1cm) and lime mortar (1cm)
Marble tesserae covered with cement mortar (1cm) and lime mortar (1cm)
Blank sample covered with cement mortar (2cm) and lime mortar (2cm)
Gold and silver glass sandwich tesserae covered with hydraulic mortar (2cm)
Marble tesserae covered with hydraulic mortar (2cm)
Blank sample covered with hydraulic mortar (4cm)
Gold and silver glass sandwich tesserae without plaster surface
Marble tesserae without plaster surface

The prepared mosaic samples were tested in the laboratory using CDT. Furthermore the
thermogram sequence was processed by TSR to obtain first and second derivatives. PPT was also
used so reconstruction of phase delay images was possible. According to the approaches used the
mosaic samples were heated for various times.
For the CDT approach the inspected specimens were heated uniformly with the use of an external
1500 W heat source (infrared lamp of INFRATECH type) that was placed at a distance of 40 cm
from each sample, as shown in Figure 2. The thermal excitation process was performed for 90 min
for each sample, whilst the transient phase (recording during the cooling down procedure) was
performed for more than 60 min. The sample surface was always placed vertical to the infrared
camera and at a distance of 60 cm. Cameras were adjusted to show the whole sample. For the
recording of the cooling down procedure two different thermography systems were used: a) an
Avio TVS 2300Mk II ST mid wave thermography system (3 – 5.4 µm) and a Sony video – walkman
connected to the processor for continues recording of the thermal images, b) a ThermaCAM SC640
long wave thermography system (7.5 – 13.5 µm) of FPA type with image resolution 640 x 480
pixels (0.65m rad) and thermal sensitivity 60Mk at 30ºC (Figure 2).
For the TSR and PPT approach the specimens were heated for 1min using a lamp with five
infrared tubes (1.3 Kw each). Thermal cooling was then recorded in reflection mode for 10 min
using a FPA infrared camera (Santa Barbara Focalplane SBF125, 3-5µm, with a 320 x 256 pixel
array) [7]. Representative results obtained from the investigation with the use of the above
mentioned thermography approaches are presented and discussed.
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Figure 2: Test arrangements for the Cooling down thermographic measurements.
Furthermore, two new mosaic panels were also manufactured. These two panels consisted of five
(5) different areas: four (4) areas with marble, gold, silver and enamel tesserae and one blank area.
The samples were covered with 1mm and 2 mm of lime mortar respectively. The dimensions of
each panel were approximately 30x20x15 cm. The prepared samples were tested in the laboratory
using three different thermographic approaches, Near Infrared Imaging (NIR), Pulsed
Thermography (PT) and Long Pulsed Thermography (LPT). According to the approaches used the
specimens were stimulated with different energy sources for various times.
For the Near Infrared approach the data acquisitions were carried out using a Goodrich NIR
camera in the near portion of the infrared spectrum (0.9-1.7 µm) with image resolution 320x256
pixels in reflection mode. NIR vision recovers the reflected or transmitted (non-thermal) radiation
from or through the specimen in the near portion of the infrared spectrum (0.9-2.5 µm). It can be
used to reconstruct complete images of the specimen, which in many cases provide an enhanced
contrast of the eventual features inside the components (as long as these features are at least
partially opaque to NIR radiation). The experimental setup is similar to the one used for IR
thermography with the difference that in this case an illumination source (and not a heat source) is
required. The 1 mm plastered mosaic sample was tested with the use of a wide spectrum
illumination source as well as the use of two different filters (0.94 µm and 1.3 µm) and the
additional use of a Sting Ray lens (50mm).
For the PT approach, the mosaics were flash heated for 2 ms using two high-power flashes (Balcar
FX 60, 6.4 KJ). During the LPT inspection, the samples were heated uniformly with the use of two
external heating lamps providing 1000 W each. The data acquisitions were carried out using an
infrared camera ThermaCAM Phoenix medium wave thermography system (3–5 µm) of FPA type,
Stirling closed cycle cooler with a 640x512 pixel array.
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Figure 3: Measurements apparatus for NIR (left), PT (center) and LPT (right) techniques.
During the PT approach the 1mm plastered mosaic sample was investigated in two different frame
rates. For the LPT approach the two samples were heated for various times and in different frame
rates. The description of the PT and LPT mosaics tests are presented in Table 2.
Table 2: Description of PT and LPT measurements
Technique

PT
PT
LPT
LPT
LPT
LPT
LPT

Mortar
Thickness
(mm )
1
1
1
1
1
2
2

Frame Rate
(Hz)

Heating time

Recording
Time (min)

Data Analysis

5
11
11
5
3.6
5
2

2ms
2ms
35 s
60 s
120 s
60 s
240 s

5
2.5
2.5
5
9
5
13

PPT
PPT/TSR/PCT
PPT/TSR/PCT
PPT/TSR/PCT
PPT/TSR/PCT
PPT/PCT
PPT

DISCUSSION
Due to the dissimilar thermal diffusion that each layer renders, infrared thermography can detect
the assorted sub surfaces on the plastered mosaics (tesserae beneath the plaster surface), presented
with temperature variations on the surface [8]. Firstly, on the CDT results the thermal contrast
curves of sample D1 with the blank sample D3 are presented in figure 4, where it is observed that
the blank sample D3 presents higher heat loss rate. Indicative thermal images of samples D1 and
D3 obtained at the time of 0, 10, 25, 35, 45, 65 min from the beginning of the cooling down
procedure are also presented in Figures 5, 6, 7. The increased thermal energy that was deposited
on the plastered surface with the extended heating time utilized, produced a seeing-through
situation in the examined panels. Similar behaviour was obtained on the investigated sample D2
(marble tesserae underneath the plaster surface) with the blank sample D3. From the developed
thermal contrast plots, presented in Figure 8, it is observed that the cooling rate of the blank
sample D3 is greater than the D2 sample’s rate, indicating the presence of tesserae underneath the
plaster. Indicative thermal images obtained at the time of 0, 10, 25, 35, 45, 65 min from the removal
of the heat source are shown in Figures 9, 10, 11.
Similar behaviour was observed for all the examined samples. However, some small differences,
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i.e. an increased temperature difference (∆Τ) is presented in some cases. This is due to the
dissimilar thermal properties that the marble tesserae present in relation to the gold / silver
sandwich tesserae.

Figure 4: Thermal contrast curves of enamel tesserae and gold /silver tesserae underneath the
plaster surface (sample D1) with the blank sample (sample D3).

Figure 5: Thermal images of samples D1 – D3 at 0 min (left image) and 10 min (right image) from
the beginning of the cooling down procedure.

Figure 6: Thermal images of samples D1 – D3 at 25 min (left image) and 35 min (right image) from
the beginning of the cooling down procedure.
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Figure 7: Thermal images of samples D1 – D3 at 45 min (left image) and 65 min (right image) from
the beginning of the cooling down procedure.

Figure 8: Thermal contrast curves of marble tesserae underneath the plaster surface (sample D2)
with the blank sample (sample D3).

Figure 9: Thermal images of samples D2 – D3 at 0 min (left image) and 10 min (right image) from
the beginning of the cooling down procedure.
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Figure 10: Thermal images of samples D2 – D3 at 25 min (left image) and 35 min (right image)
from the beginning of the cooling down procedure.

Figure 11: Thermal images of samples D2 – D3 at 45 min (left image) and 65 min (right image)
from the beginning of the cooling down procedure.
TSR – PPT results

The next step was to use either TSR and/or PPT tools on the raw thermograms. For instance,
figure 12 presents the raw thermal image at t= 2.22 s. The processing results for a cropped portion
of the thermogram sequence (as indicated in Figure 12) are presented in this section. Figure 13
corresponds to the first time derivative at t=2s, Figure 14 corresponds to the second time derivative
at t= 0.667 s and Figure 15 is the phasegram at f=0.00136 Hz [7].
Results in Figure 12 demonstrate that detection of tesserae is possible by means of Pulsed Phase
Thermography as can be seen from Figures 13 and 14, by processing the raw sequence using TSR
and extracting first and second derivatives. Detection of tesseare is also possible in the frequency
domain with the application of the PPT algorithm on the raw thermal sequence as shown in Figure
15 [7].
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Figure 12: Unprocessed raw thermogram at t = 2.22 s.

Figure 13: First derivative at t = 2s

Figure 14: Second derivative at t= 0.667 s

Figure 15: Phasegram at f= 0.00136Hz

The data analysis for the 1 mm and 2 mm plastered mosaics was focused on qualitive results using
the PPT and TSR tools over raw data. The PPT processing results over the thermal raw data of 1 mm
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plastered mosaic sample is presented in Figure 16 at f=0.007 Hz. The detection of tesserae sub
surface was not cleary identified by the means of Pulsed Thermography and PPT data analysis. The
results as presented in Figure 16 show that the heat stimulation of the flash lamps on the
investigated sample was not enough to intedify the tesserae areas.

Figure 16: Phasegrams for the 1mm plastered mosaic at f=0.007 for frame rate 5 Hz ( left ) and 11 Hz
(right).

Detection of tesserae is possible with the application of PPT and TSR during the LPT procedure. As
can be seen from Figures 17 and 18 by processing the raw data with the PPT algorithm the different
tesserae areas are detectable. From Figure 19 and 20 the detection of tesserae is also possible by
processing the thermal raw sequence using the TSR tool and excacting the first and second time
derivatives.

Figure 17: Phasegrams for the 1mm plastered mosaic at f=0.007 Hz (left) and at f= 0.03Hz
(right) in the 35 seconds heating procedure.
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Figure18: Phasegram for the 1 mm plastered
mosaic at f=0.008 Hz in the 120 seconds heating procedure.

Figure 19: First Time Derivative (left) and Second Time Derivative (right) images for the
1 mm plastered mosaic in the 35 seconds heating procedure.

Figure 20: First Time Derivative (left) and Second Time Derivative (right) images for the
1 mm plastered mosaic in the 60 seconds heating procedure.
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PCT Results
PCT reorganizes data in a transformed space where the first components contains the maximum
variance. Typically, a 1000 thermogram sequence can be replaced by 10 or less Empirical
Orthogonal Functions (EOF) that describe spatial variation of data [9]. The first EOF will represent
the most characteristic variability of the data, the second EOF will contain the second most
important variability and so on. After applying the PCT tool each of the resulting EOF highlights a
specific type of feature. Results in Figure 21, 22 and 23 show that the detection of tesserae sub
surface is possible by processing the entire sequence using PCT tool.

Figure 21: PCT results for the 1 mm plastered
mosaic EOF1 (60 s heating procedure)

Figure 22: PCT results for the 1 mm plastered
mosaic EOF2 (60 s heating procedure)

Figure 23: PCT results for the 1 mm plastered mosaic EOF3 (60 s heating procedure)
NIR Results
As presented in Figure 24 the NIR approach was insufficient for the tesserae detection of the
inspected mosaic specimens (NIR image of the 1 mm plastered mosaic).
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Figure 24: NIR Image of the 1mm plastered mosaic specimen.
CONCLUSIONS
The results obtained from this work show that the thermographic techniques used for the plastered
mosaics investigation had sufficient results for the detection of tesserae. The results extracted from
the PT approach show that the heat stimulation of the flash lamps on the investigated sample was
not enough to intedify the tesserae areas. Furthermore, the 2 mm plastered mosaic sample needs
more heat stimulation for the identification of the subsurface tesserae areas. It would be essential
that the mosaic samples and especially the 2 mm plastered mosaic should be tested with the Lock-in
Thermography (LT) approach. The NIR approach did not provide efficient results seeing through
the mortar for the tesserae detection due to the thickness of the plaster.
From the results obtained from this work, it can be seen that different active thermography
approaches can be used in order to provide images seeing through the mortar – plaster on plastered
mosaic surfaces. Furthermore, the Thermographic Signal Reconstruction (TSR), Pulsed Phase
Thermography (PPT) and Principal Component Thermography (PCT) data analysis tools provide
the quality and the visibility of the different PT techniques. The above mentioned lead to the
conclusion that infrared thermography should be considered as a valuable appraisal non
destructive tool in the investigation of plastered mosaics surfaces.
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