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Abstract

This work describes a simple use of active Infrared Thermography developed to detect the level of weathering of a
statue with respect to cracks observed on the surface. The statue “Ratto delle Sabine” of Giambologna is exposed in
the Galleria of the Accademia in Florence-Italy and was the object onto which the methodology of analysis was
used. Radiographic analyses indicated that the statue was originally made out of composite materials (mainly wood
and tissue at the inner part and raw clay at the outer part). This artefact is a model which was originally not conceived
to last for a long time and nowadays shows severe cracks. Thermal investigations have been done in laboratory and in
field to evaluate the level of weathering of the statue, in particular related to the previously mentioned cracks. The main
purpose of this study was to find a way to detect and/or demonstrate eventual interconnections between the different
cracks and to evaluate the state of weathering of the statue. The methodology is based on insufflating hot air locally
into the cracks of the statue during a short time, monitoring at the same time the surface temperature evolution near
to the place of inflow and observing if the hot air emerges at the opposite side.

To assess the eventual danger of this methodology of blowing in hot air locally, preliminary tests were made in
laboratory using samples composed out of different combinations of materials (raw clay, wood, tissue, etc.) similar to
the ones composing the statue. Such tests have shown that a heating time of a few minutes was sufficient to highlight
the leaking of warm air from the inflow opening to the back side and this without an excessive temperature increase
of the surface near the infiltration point. This was done respecting the conservation restrictions and rules for the these
materials. Results in lab and field demonstrated the potential efficiency of the method to monitor the conservation
state of this fragile artefact. In this specific application the method allowed to identify four critical points in the “Ratto
delle Sabine” model.
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Introduction

In order to preserve the “Ratto delle Sabine” model the
Ministero dei Beni e delle Attivita Culturali e del Turismo
commissioned the restoration of this work of art. Before
intervening, numerous analyses were performed by differ-
ent scientists to study this particular statue. One of them
foresaw the use of infrared thermography.

During the last decades, the Infrared Thermography
(IRT) has evolved into a powerful non-destructive tool to
study the state of Cultural Heritage artefacts and monu-
ments. IRT is applied following two different approaches:
“passive thermography” when only the naturally occurring
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temperature variations in the object need to be analysed
and “active thermography”, when an external stimulus is
needed to produce relevant thermal contrasts. To high-
light the presence of anomalies or the different thermal
behaviour of the materials (evidencing for example cracks
or detachments), both techniques require differences in
temperatures of at least a few degrees.

Infrared thermography (IRT) has been widely applied
to study buildings [1,2], monuments [3,4] and frescoes
[3,5-9] and to analyze other artefacts such as paintings
(wooden paintings and canvas) [9-14] or sculptures
[15-18].

The “Ratto delle Sabine” (Figure 1) is one of the old-
est preserved models at a 1:1 scale, constructed by
Giambologna between 1579 and 1580. It was used as
model for the realization of the final marble statue and,
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Figure 1 The model statue of The “Ratto delle Sabine”

of Giambologna.

therefore, it represents an interesting opportunity to
investigate the sculptural capacities of Giambologna.
The radiographic analysis® [19] and the visual inspec-
tion of the surface during restoration® [20] showed that
the model is composed mainly by raw clay in the outer
part and by several different materials in the inner part.
In particular the radiographic inspection [19] showed
the presence of a core composed of various wooden ele-
ments differing in type and dimensions, in most cases
joined together by nails in metal. In other parts of the
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“Ratto delle Sabine” model the bonds seem to be made
by means of joints and/or bandages. In the construction
of some parts of the artefact (stomach and head of the
Romano warrior) materials have been used which are
lighter (e.g. cloth) than raw clay. This was probably done
in order to make the work lighter and less subject to with-
drawal during the solidification of the entire statue [20].

The different physical properties (in particular the spe-
cific weight) of the materials, related to the use in the
model caused the formation of several cracks of the raw
clay, a material which delaminates easily thereby increas-
ing the rupture risk [20].

In exposition places (ex. museums, galleries, etc.),
where the environmental conditions need to be con-
trolled within small ranges to avoid thermal stress to the
artworks [21], the use of passive thermography is often
unsuccessful because the work of arts do not show rele-
vant differences in the surface temperature distribution.
In these cases an active approach of the thermography is
required to make relevant thermal contrasts of the de-
fects like cracks visible.

In order to analyse the eventual interconnection be-
tween the cracks previously identified by other investiga-
tions (radiography and visual inspection) of the “Ratto
delle Sabine” model, a more localized methodology of ac-
tive infrared thermography was set up. This would lead to
the understanding of which specific parts of the model are
more at risk of further damage and prevent any potential
falling down of parts of the statue due to gravity.

In this case the usual heating (halogen lamps, thermo-
convectors, etc.) used in active infrared thermography is
not suitable, because heating of the entire surface would
be required, causing an important temperature increase
of the parts of the artefact not affected by cracks and
risking to increase the temperature over the acceptable
limits (Table 1). Furthermore, such thermographic mea-
surements on one side allow to highlight the presence of
anomalies of the statue, but on the other side are not
able to discover or demonstrate the interconnections be-
tween the cracks.

For these reasons and considering also the historical
and artistic importance of the artefact, a more localized
heating methodology has been considered, allowing on
one side to visualize the connected cracks and on the
other side to reduce potential damages directly related
to excessive heating of the whole statue.

Table 1 Wood thermo-hygrometric values

T(Q AT (°C) RH (%) ARH (%)
UNI 10829 - 1999  wood 19-24 15 45 - 60 +4
Thomson 15-25 +5 50-60

Optimal thermo-hygrometric variables by UNI 10829 - 1999 and Thomson
(Aghemo et.al. [23]).
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Method

In order to highlight connections between crack’s by
means of infrared thermography in museum environments
where the artefacts are most of the time in thermal equilib-
rium an active approach is necessary to create temperature
differences of a few degrees.

The fact that different materials are used in the com-
position of the “Ratto delle Sabine” model made our
study very demanding because of the different thermo-
physics properties (thermal inertia and conductivity) of
these materials. The radiographic survey campaigns showed
that the inner structure of the model is composed out of
organic materials, in particular wooden elements (of dif-
ferent dimensions and types) with metal joints in some
parts, while in other parts the junctions are made out of
lighter materials, like straw, or by means of dovetail and/
or bonding with bandages. The external parts are com-
pletely out of raw clay, which is a very fragile material and
delaminates easily.

For the reasons described above, this statue of
Giambologna is a peculiar case of an artefact com-
posed out of internal materials that could be subject to
more degradation than the outer parts.

It is known that the organic material, wood in this
case, needs well controlled environmental conditions for
a good conservation, above all relative humidity (RH).
Indeed, humidity affects the equilibrium moisture con-
tent of the wood. The temperature variations, influen-
cing the RH variations, have a secondary effect on the
wood behaviour, but not necessarily less important.
Moreover wood is a material characterized by a long re-
sponse time to the thermo-hygrometric variation of the
environment. Table 1 shows the indications for safe daily
temperature variations of +1,5°C and +5°C suggested by
UNI 10829 — 1999 and Thomson respectively [22,23].

Taking into account these temperature limits for
wood, it was decided to heat the places where the cracks
were visible only for a short time in order to show the
interconnections between the cracks, but avoiding at the
same time temperature increases higher than +5°C as in-
dicated by Thomson.

The method consisted in introducing warm air (about
50°C) directly in the cracks considered critical, in par-
ticular from the static point of view, and checking by
thermal camera the corresponding outflow of the warm
air flow at the opposite side of the infiltration point. The
heating system used was a conventional thermal con-
vective portable device with a power of 1200 W. In order
to heat only localized parts corresponding to the crack a
soft plastic tube covered with an aluminum foil and dir-
ectly connected to the thermal convective device was
used. The aluminum foil avoids the influence of the sur-
rounding radiation on the heating process. The thermal
measurements were performed with at AVIO TVS 700
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thermal camera operating in a spectral range (8—12 pm),
with a microbolometer detector (320x240 pixel) — not
cooled. The temperature range of the camera was set to
(-20; + 400) °C with a thermal sensitivity of 0,07°C (at
30°C). Because the “Ratto delle Sabine” model is mainly
composed out of raw clay and wood the emissivity value
inserted in the thermal camera was 0,9.

During the local heating process the increase of the
surface temperature around the target crack has been
monitored in order to control eventual overheating of
the other parts of the structure.

Laboratory experiment

In order to evaluate the effectiveness of the method sev-
eral trials were first performed in laboratory using sam-
ples built with materials (e.g. raw clay, wood, metal nails
and straw), characterized by thermo-physical properties
close to the ones of the statue.

The laboratory test model was made by using hollow
bricks, of which the thermal properties are close to the
ones of raw clay of the statue. The holes of these bricks
were filled with different combinations of the previously
mentioned materials. Filling was done in such a way that a
free pathway (average diameter of a few millimetres simi-
lar to those previously observed in the “Ratto delle Sabine”
model) is left to allow for the flow of hot air. Warm air
passed through these pathways and allowed us to deter-
mine the heating times required for the warming up of the
cracks at the outer end whilst avoiding significant and
dangerous increases of temperature nearby the inlet of the
hot air inflow. Before manufacturing the laboratory sam-
ples the characteristics of the free paths (depth and length)
to be copied were defined in the field by comparing the
radiographic results and the cracking framework, obtained
from other studies made within the restoration project.

The bricks simulated the raw clay envelope of the
“Ratto delle Sabine” model because both are composed
out of the same material: clay (thermal conductivity
0.383 [Wm™'K™] specific heat 2190 [JKg'K™'] and
density 1.29 [Kgm’S] [24]). The only difference is the
procedure of drying: the brick is dried in a furnace (be-
tween 800°C and 1200°C [25]) whilst the statue envelope
was left to dry at environmental conditions under the
natural heating of the sun. Therefore we can consider
that the brick simulates the statue envelope in terms of
thermo-physical properties.

The results reported in this paper are related to the
samples with following dimensions : 15x31.5x4.5 cm.
Two types of filling were used: mixed materials (wood,
straw, raw clay) and raw clay only. In this way, the two
extreme scenarios existing in in- situ are simulated. In
fact, on one side the raw clay only sample simulates the
more superficial cracks of the statue whilst the sample
composed of mixed materials simulates the cracks
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Figure 2 Temperature increase of the samples surface. Temperature increase of the samples surface, for raw clay sample (red line) and mixed
materials sample (blue line).

crossing the parts of the structure composed mainly out
of organic materials. The free paths in these samples
were realized at a depth less than 2 cm from the surface.

Results

Laboratory tests

The first step was to demonstrate in laboratory the ap-
plicability of the methodology on samples and to define
the limits to be respected before performing the mea-
sures in-situ in order to avoid damage to the materials
composing the “Ratto delle Sabine” model.

First, the minimum heating time was established ob-
serving the temperature near the inflow hole during the
procedure. The Figure 2 shows the increase of the sur-
face temperature around the inflow hole during the

heating time in the samples composed by mixed mate-
rials (blue line) and by raw clay only (red line).

As it is not possible to measure exactly on the surface
of the hole due to the physical presence of the pipe
connecting the brick with the heating device, the heat-
ing of the material was evaluated by following the hot-
test spots near the holes. These spots, taken as
reference points, were found to be at about one cm
from the input hole.

It can be noted (Figure 2) that the temperature rise
was only 0,5°C for both samples after a heating time of
3—4 minutes (green line), supporting the assumption
that the temperature rise of the material around the hole
does not exceed 5°C indicated by Thomson as a good
conservation limit.
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Figure 3 The surface temperature increase at the back side of the inflow hole (mixed materials sample). The different curves indicate the
increase vs time of the surface temperature at the back side. It can be observed that during the heating of 13,3 minutes the temperature
increases with 3,7°C and after 3-4 min the temperature increases of about 3°C (red arrow).
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Table 2 Thermo-hygrometric values by UNI 10829 -1999
T(°Q) AT (°C) RH (%) ARH (%)
UNI 10829 - 1999 fabrics, upholstery, silk etc. 19-24 +15 30 - 50 +6
chinaware, ceramics, stoneware, earthenware etc. NR! — NR' +10
metals, metal alloys, coins, bronzes etc. NR! — NR! <50

Optimal thermo-hygrometric variables for different materials composing the “Ratto delle Sabine” model.

'NR: Not relevant.

The very low value of the temperature at the inflow
hole was explained by the heat loss of the warm air in-
side the pipe (40 cm long) and by the shielding of the
pipe at the entry the hole making the heat spreading in-
side the specimen rather than on its surface.

As consequence, a heating time limit of 3—-4 minutes
was assumed. The Figure 3 shows the temperature in-
crease at the back corresponding to the outflow in the
samples with mixed materials. It can be noted in this fig-
ure that a heating time of 3—4 minutes was enough to ob-
serve a temperature increase of about 3°C (red arrow).
This limited increase of temperature confirmed the applic-
ability of the methods also for a real case and the applic-
ability of this thermographic technique by means of a
localised active approach.

Moreover, Table 2 indicates that there are no particu-
lar temperature restrictions for a good conservation to
apply the methodology in the raw clay samples and that
the applied time of heating on the parts of statue consti-
tuted by raw clay only depends mainly on the path that
the warm air has to cover across the connected cracks.
The Figure 4, which represents the temperature increase
at the back caused by the air leaking across the crack in

presence of raw clay only material, shows that also in
the case of raw clay samples a heating time of about
3 minutes (red arrow) is enough to highlight the escape
of hot air at the opposite side of the inflow point. In fact
the Figure 4 shows that the temperature rise at back side
is about 3°C. This is optimal to perform the thermo-
graphic measurements.

We can assume for both samples that the temperature
increase of the materials near the point of outflow is less
than 3°C, because of their thermal inertia.

In conclusion the experiments performed in laboratory
confirmed the possibility to apply the methodology in-situ
without any risk for the statue of “Ratto delle Sabine”
model. These measurements will permit a first evaluation
of the state of weathering of the different cracks, visible on
the surface of the statue.

In field measures

Several examples of thermal images recorded in field on
the “Ratto delle Sabine” model after the application of
the localised heating methodology on different points are
shown, demonstrating the efficiency of the methodology.
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Figure 4 The surface temperature increase at the back side of the inflow hole (raw clay sample). After 13,3 minutes the temperature

increases with 8,6°C and a heating of 3-4 minutes are enough to increase temperature of about 4°C (red arrow).
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Figure 5 Thermography related to the heating of localised zone in the head of the Sabino warrior. The thermal picture on the left
represents the surface temperature at the beginning of heating, the right picture after about 4 minutes. The exit of the warm air showing the
connection between the 2 sides of the head is clearly visible (red circle). The inflow point is out of the field of view of the thermal camera.

Figure 5 shows the thermal images performed on the
head of the warrior which presented a visible crack on
the surface (indicated on the imagine on the bottom of
the figure). The outflow of the warm air from the back
of the head indicates that a connection of the crack

from front to back of the head of the Sabina warrior
was present.

On the contrary Figure 6 shows an example of non-
connected cracks, demonstrating that they were not
harmful for the conservation of this part of the statue. In

Figure 6 Left arm and head inspection of the Sabina. No connections between the cracks were found.
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field of view of the thermal camera.

Figure 7 Left leg of the Sabina and right arm of the Romano. Some spots on the Sabina leg (red arrow A) can be seen demonstrating that
the inflow crossed the leg coming out on the opposite side. Other connected cracks to the same infiltration point are visible on the thermal
image (red arrow B). The inflow of the air was at the opposite side of the points monitored through the thermographic inspection, out of the
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fact, the thermal image of the left arm and head of the
Sabina obtained after about 3 minutes of heating, indi-
cate that the infiltration points of hot air were not con-
nected with other cracks on the opposite side.

The Figure 7 shows on the back side of the monitored
points more connected spots, indicated by red arrows
(A and B) on the thermal image, for the same infiltra-
tion point.

By applying this methodology thirteen cracks were stud-
ied. Only four of the thirteen analysed cracks demon-
strated that they were connected from front to back. For
the other cracks the heat was dispersed on the surface, fol-
lowing sub-superficial local cracks as shown in Figure 8.

Conclusions

This paper demonstrated by means of laboratory and field
application the efficiency of a method based on a active
thermography applied locally to detect the weathering of
artworks made out of composite materials. Due to the
high thermal inertia of these materials all the usual active
thermographic techniques (heating procedures based on
irradiation or convection of large surfaces) are inadequate.
In fact, to obtain a significant result relevant temperature
variations need to be induced on the whole surface of the
artefact to detect anomalies which are located and hidden
deeply inside the structure. This means that the required
large temperature increases could reach values which are

demonstrating a superficial effect.

Figure 8 Right hand of the Sabino warrior. In both thermographic images the heat was dispersed around the surface of the cracks,
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not allowed due to conservation restrictions. Moreover,
these conventional active methods don’t allow to highlight
particular defects, like the presence of connections be-
tween the cracks.

The results of the described particular methodology
based on localised thermographic inspection applied to a
precious and particular historical artwork, the “Ratto
delle Sabine” model, highlighted the efficiency of this
simple methodology to monitor the state of conservation
of frail artefacts and more in general its applicability in
the field of Cultural Heritage conservation.

It was also underlined that particular attention has to
be given to the levels of heating to avoid dangerous ef-
fects and preliminary tests have to be performed in func-
tion of the analysed materials, to verify the respect of
directives and standards, as was done in the case of the
“Ratto delle Sabine” model.

Endnotes
*Art- test s.a.s. — Florence — Italy.
PArte R.O.S.A Restauro — Milan - Italy.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

All the authors contributed in planning the research activities. MCDT and MG
performed the laboratory tests and interpreted the results. MCDT and NL
performed the in field data acquisition; both the two authors performed the
data interpretation. AD and MCDT wrote the manuscript and revised it
critically. All authors read and approved the final manuscript.

Acknowledgements

The authors thank F. Falletti, former director of Galleria dell’ Accademia, for
her kind collaboration and to make us part of the scientific team that
analysed the statue.

Received: 5 September 2014 Accepted: 18 February 2015
Published online: 26 February 2015

References

1. Grinzato E, Bison PG, Marinetti S. Monitoring of ancient building by thermal
method. J Cult Her. 2002;3:21-9.

2. Maierhofer C, Roellig M. Active thermography for the characterization of
surfaces and interfaces of historic masonry structures. NDTCE'09,

June 30th-July 3rd.

3. Carlomagno GM, Meola C. Infrared thermography in the restoration of
cultural properties. Proceed SPIE Int Soc Optical Engineer. 2001;4360:203-16.

4. Grinzato E, Bressan C, Marinetti S, Bison PG, Bonacina C. Monitoring of the
Scrovegni chapel by IR thermography: Giotto at infrared. Infrared Physics
Technol. 2002;43(3-5):165-9.

5. Bendata A, Sfarra J, Ambrosini D, Paolotti D, Ibarra-Castanedo C, Maldague
X: Active thermography data processing for the NDT & E of frescoes.
QIRT'10, 2010, Quebec, Canada

6.  Grinzato E, Bison P, Marinetti S, Vavilov V. Nondestructive evaluation of
delaminations in Fresco plaster using transient infrared thermography.
Res Nondestruct Eval. 1994;5(4):257-74.

7. Ludwig N, Rosina E. Dynamic IRT for the frescoes assessment, the study
case of Danza Macabra in Clusone (Italy). Proceed SPIE Int Soc Optical
Engineering Thermosense XXVII. 2005;5782:272-9.

8. Candoré JC, Bodnar JL, Detalle V, Remy B, Grossel P. Approach of the
measurement of thermal diffusivity of mural paintings by front face
photothermal radiometry. Quebec, Canada: QIRT'10; 2010.

20.

22.

23.

24,

25.

Page 8 of 8

Gavrilov D, Gr. Maev R, Almon DP. A review of imaging methods in analysis
of works of art: thermographic imaging method in art analysis. Can J Phys.
2014,92:341-64.

Gr. Maev R, Gavrilov D. Thermography in analysis of works of Art: choice of
the optimal approach. Le Mans, France: 13th International Symposium on
Nondestructive Characterization of Materials (NDCM-XIIl); 2013. p. 20-4.
Gavrilov D, Maeva E, Grube O, Vodyanoy |, Gr. Maev R. Experimental
comparative study of the applicability of infrared techniques for Non-
destructive evaluation of paintings. J American Institute Conservation.
2013;52:48-60.

Gavrilov D, Wehbe H, Maeva E, Gr. Maev R. An overview of Non-invasive
inspection of paintings with thermographic techniques. Florence, ltaly:
Proceedings of 10th International Conference on “Non-Destructive
Investigations and Microanalysis for the Diagnostics and Conservation of
Cultural and Environmental Heritage”; 2011.

Ambrosini D, Daffara C, Di Biase R, Paoletti D, Pezzati L, Bellucci R, et al.
Integrated reflectography and thermography for wooden paintings
diagnostics. J Cult Her. 2010;11:196-204.

Scudieri F, Mercuri F, Volterri R. Non-invasive analysis of artistics heritage
and archeological findings by time resolved IR thermography. J Therm Anal
Calorim. 2001,66:307-14.

Orazi N, Mercuri F, Paoloni S, Zammit U, Marinelli M, Scudieri F, et al.
Thermographic inspection of historical bronze statues’, 10th international
conference on non-destructive investigations and microanalysis for the
diagnostics and conservation of cultural and environmental heritage,
Florence, Italy. 2011. p. 13-5.

Cagnetti V, Diana M, Ferretti M, Moioli P. The Chimera of Arezzo: study of
some metallurgical and structural aspects by means of X-ray fluorescence and
high-resolution thermography. Brescia, Italy: 3rd International Conference NDT,
Microanalytical Methods and Environment Evaluation for study and
Conservation of Work of Art; 1992. p. 215-28.

Ludwig N, Materazzi M, Marras L. Defect search in low diffusivity material,
the case of marble statue. Exploring David diagnostic tests and state of
conservation. Florence, Italy: Giunti Editore; 2004.

Tavukguoglu A, Caner-Saltik EN. Quantitative infrared thermography and
ultrasonic testing for in-situ assessment of Nemrut Dag stone statues. Turin,
taly: 12th International Workshop, AITA; 2013. p. 10-3. September.
Rapporto tecnico: Campagna di indagini radiografiche su "Ratto delle
Sabine” attrto a Giambologna. Art ~Test arte e diagnostica. http://www.art-
testcom/it/blog-2/page/3/

Falletti F,, C. Parnigoni: | modelli preparatori in scultura — Il gigante di terra - le
operazioni di restauro. Ministero dei Beni e delle attivita culturali e del Turismo —
Soprintendenza Speciale per il Patrimonio Storico, Artistico ed etnoantropologico
e per il Polo Museale della citta di Firenze. http://www.beniculturaliit/mibac/
multimedia/MIBAC/documents/1378386355841_Restauro_modello_Ratto.pdf
Bernardi A. Microclimate inside Cultural Heritage Buildings. Il Prato. 2008,
171. 1SBN 978-88-6336-032-5

UNI 10829. Beni di interesse storico e artistico — condizioni ambientali di
conservazione — Misurazione ed analisi (1999).

Aghemo C, Filippi M, Prato E: Condizioni ambientali per la conservazione
dei beni di interesse storico e artistico. Comitato Giorgio Rota editor, 1997,
167. Torino - ltaly. http://www.centroeinaudi.it/biblioteca-fulvio-guerrini/
libri/810-condizioni-ambientali-per-la-conservazione-dei-beni-di-interesse-
storico-e-artistico.html

Etuk SE, Akpabio IO, Udoh EM. Comparison of the thermal properties of clay
samples as potential weling material for naturally cooled building design.

J Environ sci. 2003;15(1):65-8.

http://itwikipedia.org/wiki/Laterizio


http://www.art-test.com/it/blog-2/page/3/
http://www.art-test.com/it/blog-2/page/3/
http://www.beniculturali.it/mibac/multimedia/MiBAC/documents/1378386355841_Restauro_modello_Ratto.pdf
http://www.beniculturali.it/mibac/multimedia/MiBAC/documents/1378386355841_Restauro_modello_Ratto.pdf
http://www.centroeinaudi.it/biblioteca-fulvio-guerrini/libri/810-condizioni-ambientali-per-la-conservazione-dei-beni-di-interesse-storico-e-artistico.html
http://www.centroeinaudi.it/biblioteca-fulvio-guerrini/libri/810-condizioni-ambientali-per-la-conservazione-dei-beni-di-interesse-storico-e-artistico.html
http://www.centroeinaudi.it/biblioteca-fulvio-guerrini/libri/810-condizioni-ambientali-per-la-conservazione-dei-beni-di-interesse-storico-e-artistico.html
http://it.wikipedia.org/wiki/Laterizio

	Abstract
	Introduction
	Method
	Laboratory experiment

	Results
	Laboratory tests
	In field measures

	Conclusions
	Endnotes
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

