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ABSTRACT

Effective conservation begins with a deep understanding of an artwork’s structural condition before
restoring the pictorial layer. This is especially important for multi-layered painted surfaces like wall paint-
ings, where hidden issues must be carefully evaluated to ensure long-term preservation. An ongoing con-
servation campaign (2022-2025) is dedicated to preserving Giotto’s irreplaceable wall paintings in the
Bardi Chapel, Basilica di Santa Croce, Florence (Italy). The project faces significant challenges due to gaps
in detailed documentation regarding past restorations. Conservators and heritage scientists were called
to assess the subsurface condition of the wall paintings and accurately distinguish areas requiring inter-
ventions of varying urgency. A comprehensive diagnostic examination was conducted, incorporating ad-
vanced methodologies, including Digital Holographic Speckle Pattern Interferometry (DHSPI). This paper
focuses on advantages and challenges of the DHSPI, operated under both thermal excitation and natural
conditions, for detecting critical subsurface defects and supporting the study of the restoration history of
Giotto’s wall paintings. DHSPI enables revealing hidden micro-deformations and monitoring direct surface
responses to environmental changes in a quantitative full-field real-time non-contact examination. Thus,
it provides valuable insights into structural stability, invisible overlapping of detachments and cracks,
hidden structured layers, and through defect propagation to trace the future deterioration risks. By incor-
porating DHSPI into an interdisciplinary diagnostic strategy, we demonstrate how this approach enhances
conservation decision-making, supports informed and minimally invasive interventions, and, ultimately,

contributes to the long-term preservation of Giotto’s unique wall paintings.
© 2025 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/)

Introduction

sampling. Third, many of these artworks are in restricted areas,
making both diagnostic procedures and instrument transfer dif-

On-site diagnostic campaigns on heritage sites with wall paint-
ings of significant art historical and archaeological value present
series of challenges. First, wall paintings are intrinsically bonded
to their wall support, implying that structural issues beneath the
pictorial layer - whether in the substrate or the building itself
- can compromise their integrity. Second, the surface of these
paintings is often sensitive and fragile, requiring an exclusive
use of non-invasive methods to prevent any further damage and
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ficult. For instance, accessing Giotto’s wall paintings of the Bardi
Chapel, inside the Basilica di Santa Croce in Florence, Italy [1-2]
- the case study of our paper - requires from conservators and
heritage scientists to work on scaffolding, with up to three levels
to reach the vault decorations.

Restoration campaigns are conducted nowadays alongside sci-
entific examinations and require multidisciplinary collaboration to
ensure accurate interpretation of diagnostic results. The integration
of cultural, historical, and scientific data is essential for guiding
conservation decisions and, in ideal cases, providing real-time in-
formation exchange during restoration work on-site.
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The most widely used in-situ techniques for the examination of
wall paintings include various imaging and spectroscopic methods
for surface characterization, such as Raman, FTIR and reflectance
imaging spectroscopy, as well as 3D scanning and photogrammetry
for surface documentation [3-9]. Infrared thermography is com-
monly employed to detect subsurface structural anomalies [10,11],
while ground-penetrating radar (GPR) is sometimes used to assess
the deeper structure of walls [12]. Both infrared thermography and
GPR are already widely applied in built heritage and civil engineer-
ing. However, a comprehensive assessment of the wall paintings
themselves - delicate, complex, and often with an unknown his-
tory, hidden features within a few centimeters depth, and hetero-
geneous layers - requires a completely different approach than that
used for a non-heritage wall structures. As a result, new techno-
logical developments are constantly introduced, tested in laborato-
ries and applied to significant case studies. Recent developments
have improved imaging methods, both in instrument configura-
tions and data processing, in ways relevant to heritage diagnostics.
These include THz time-domain imaging systems [13], novel data
processing methods for thermal imaging [14,15] and innovations
in laser interferometry [16,17]. The combination of laser interfer-
ometry and thermography has been shown to provide advanced
characterization of cultural heritage objects in a variety of studies
[18-23]. THz imaging is experiencing growing applications, includ-
ing its combined use with infrared thermography and as a part of
multi-analytical investigations [24,25]. Although THz time-domain
imaging provides numerical, depth-resolved information of subsur-
face layers, its application still remains essentially cross-sectional,
limited to small areas, time-consuming and not yet easily portable
to cultural heritage sites.

Among laser interferometry based techniques, the system of
Digital Holographic Speckle Pattern Interferometry (DHSPI), in fo-
cus of this study on Giotto’s wall paintings, has been increasingly
integrated in diagnostic procedures on wall paintings in the recent
years, showing particularly great potential [16,26-28]. The advan-
tages of DHSPI include portability, remote-controlled, non-invasive
operation and the ability to measure entire fields of view simul-
taneously, providing both qualitative and quantitative information.
This holographic interferometry-based method has been success-
fully applied to a variety of artworks, including but not limited
to wall paintings, providing crucial subsurface structural diagnos-
tic information. Significant progress has been achieved in DHSPI
applications on wall paintings, and more potentials is being inves-
tigated, particularly through its integration with complementary
techniques such as stimulated infrared thermography [18,19,26,27].

Research aim

Here, we examine the role of DHSPI in addressing key questions
posed by conservators, emphasizing its unique and crucial con-
tribution, while also discussing the challenges encountered in the
real case study. Specifically, we focus on its application to the early
14th-century scenes depicted by Giotto in the Bardi Chapel of the
Basilica di Santa Croce, Florence. This paper explores the potential
of DHSPI in supporting on-site study and conservation efforts on
the renowned artwork by Giotto in the Bardi Chapel. The aim is to
highlight in detail in which scenarios DHSPI may provide valuable
insights into the subsurface condition of wall paintings and how it
can contribute to unveiling their so far just partially known history.

2. Materials and methods
2.1. Case study: Giotto’s wall paintings in the Bardi Chapel

The Bardi Chapel of the Basilica di Santa Croce in Florence is
renowned worldwide for its early 14th-century fresco wall paint-
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ing cycle by Giotto di Bondone (1267-1337), depicting scenes from
the life of Saint Francis of Assisi [1-2,29]. Despite their historical
and artistic significance, the Giotto’s wall paintings have been sub-
jected to substantial alterations and damage over time. In the mid-
18th century, they were covered with a layer of white limewash,
in view of shifting aesthetic preferences of the period. Addition-
ally, two funerary monuments designed by architects Giuseppe Sal-
vetti and Gaspero Paoletti were integrated into the walls, destroy-
ing portions of Giotto’s original artwork [30].

Giotto’s wall paintings were rediscovered in the mid-19th cen-
tury when Gaetano Bianchi, a leading restorer of the time, removed
the limewash between 1852 and 1853 [31]. The mechanical tech-
niques used in this process caused some surface damage, including
abrasions, scratches and material loss, which are still visible today
[32]. Furthermore, the removal of the funerary monuments left la-
cunae in the wall paintings, which were concealed by Bianchi’s re-
makes.

The current state of the chapel’s wall paintings is largely deter-
mined by the conservation efforts carried out between 1957 and
1958 by Ugo Procacci and Leonetto Tintori, the two significant fig-
ures of 20th-century Florentine restoration [32,33]. Their interven-
tion was carried out in compliance with the restoration theory of
the time, aimed primarily to remove the latest repaints and to sta-
bilize the remaining original parts of the Giotto’s wall paintings
[32-34].

The lack of detailed documentation from previous interventions,
it has been challenging for conservators to obtain precise informa-
tion about the subsurface condition of the wall paintings. There-
fore, a new diagnostic and conservation campaign, instigated in
2022, is aimed to approach the conservation of Giotto’s wall paint-
ings in a novel interdisciplinary approach [35] and involving a mul-
tidisciplinary team of specialists. The diagnostic campaign using
the DHSPI technique was carried out with the support of IPERION
HS services platform, which funds on-site access to cutting-edge
instruments and facilitates collaboration with expert teams, like in
this case between Molab Greece [36-38] and the CNR-INO, section
of Naples.

In particular, the measurements by Molab Greece were carried
out on the first and second scaffold levels, covering a total area
of ~6 m?, and here referred to as Scenes 1_1 and 2_1 (left side),
and 1_3, 2_3 (right side). Simultaneous measurements by CNR-INO
were carried out on the third scaffold level on both walls and the
vault total area of ~5 m?, specifically on scenes 3_1 (left side), 3_3
(right side) and vault 5_2. The wall scenes are illustrated in Fig. 1.

2.2. Methods

The principle of Digital Holographic Speckle Pattern Interferom-
etry (DHSPI) lies in comparison of two temporally separated holo-
grams of an object in different states. Each hologram is formed by
the superposition of the object beam with a reference laser beam,
capturing the object’s state before (state 1) and after (state 2) ex-
posure to an external load, such as temperature, humidity vari-
ations or mechanical/acoustic stress [38,39]. The deformation in-
duced by this load alters the optical path of the object beam, re-
sulting in phase variations that manifest as interference fringes in
the generated interferograms . Variations in fringe patterns indi-
cate material inhomogeneities, structural defects (e.g. abrupt end-
ings of fringes as cracks, circular fringes as detachments, voids
etc.), allowing for direct qualitative diagnosis on field [28]. The
out-of-plane displacement along the main sensitivity axis (z-axis)
is denoted by d. The number of interference fringes, N, is then
given by N = 2d/A, where A=532 nm is the laser wavelength.
The system resolution is d=A/2 = 266nm for N = 1,2,.., allow-
ing direct quantitative diagnosis on-field. Post-processing tools en-
able in-depth analysis of captured data by providing precise de-
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Fig. 1. Wall scenes in the Bardi Chapel with the relative naming in this paper. Line drawings of Giotto’s depictions, created by conservators. Credits: Culturanuova S.n.c.

fect coordinates, quantifying surface displacement, and intercon-
nection between different types of defects - such as cracks and
detachments - which often interact and influence each other in
complex degradation processes. This interconnection of informa-
tion is a fundamental property of holographic recording, arising
from the primary interference of neighbouring photons and real-
ized in DHSPI through the optical geometry. In interferograms, it
is visualized as the continuation of a fringe anomaly extending
from a localized fringe pattern. Experimental studies on reverse-
engineered samples have shown that the propagation direction de-
pends on the structural condition of the surrounding material and
the presence of defects, allowing the reconstruction of propagation
patterns. These tools also allow detailed assessment of surface mi-
cromorphology, offering a comprehensive understanding of mate-
rial condition and structural integrity. Further details on the DHSPI
methodology can be found in [16,18,19,28].

Measurement configuration

DHSPI was operated on-site, on various levels of scaffolding (as
reported in Section 2.1), with controlled thermal excitation and/or
natural temperature and humidity fluctuations inside the chapel.
Two infrared lamps (175 W each) were placed diagonally at a 0.8-
1.3 m distance, forming a 35-45° angle with the surface to ensure
uniform heating. This was verified using thermal distribution map-
ping from sensors on the DHSPI head. After heating, the cooling
process was monitored via interferogram acquisition. Thermal ex-
citation was applied for 60 and 100 s, inducing a controlled sur-
face temperature increase (AT = 0.5-2.5 °C), staying within natu-
ral daily fluctuations.

Monitoring of the cooling process lasted several minutes and,
where possible, until the surface reached its initial temperature
and displacement values. The measured areas were selected in col-
laboration with conservators, who indicated regions of major in-
terest for conservation interventions. Due to the characteristics of
the DHSPI system’s camera, each surface was investigated through
a sequence of adjacent and partially overlapping measurement ar-
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eas. This ensured a complete coverage and an accurate assessment
of extensive zones. The size of the acquired field of view (FoV) is
directly dependent on the working distance between the DHSPI
system and the wall surface, scaling approximately linearly with
the distance. In the present study, the working distance ranged
from 930 mm to 3041 mm. For instance, the closest working dis-
tance of 930 mm corresponded to a FoV of 246 x 183 mm, while
the most distant working distance of 3041 mm corresponded to
1034 x 865 mm. The reported values represent the minimum and
maximum limits encountered during the measurement campaign,
with intermediate FoVs proportionally defined by the correspond-
ing working distance. Measurements at the closest distance were
carried out on the highest scaffold level, near the vault, whereas
the longest working distances were used on the lower scaffold lev-
els.

Instrument parameters

The DHSPI system used in this study is a laboratory prototype,
custom-developed at the Holography Laboratory of IESL-FORTH
(Greece). This system is a compact, off-axis phase-shifted holo-
graphic interferometry setup. It uses a 532 nm diode-pumped
solid-state laser (300 mW, TEMOO mode, >30 m coherence length)
a 5 MP CCD camera (4.4 pm pixel size). The camera captures in-
terference patterns in 8-bit grayscale (0-255). Image clarity is con-
trolled by adjusting the reference beam intensity and exposure set-
tings. Surface displacement is analyzed through speckle intensity
variations to generate interferograms.

Data processing and visualization

Custom software controlled all experimental parameters - in-
cluding temperature before and after thermal excitation, relative
humidity, working distance and the angle and distance of the in-
frared lamps - thereby ensuring reproducibility. The post-processed
interferograms presented in the Results section were produced
by overlaying the filtered interferograms onto the corresponding
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white-light images with 50 % transparency applied. For visualiza-
tion, the results were subsequently overlaid onto the Giotto’s line
drawings of the wall paintings using Adobe Photoshop and Illus-
trator.

3. Results

DHSPI data (acquired in both active and passive modes) were
used for on-site condition mapping, as reported in Section 3.1,
and for investigating previously restored areas, as reported in
Section 3.2. In both cases, representative results are presented on
several fresco scenes.

3.1. DHSPI monitoring for on-site condition mapping

DHSPI monitoring results in active mode (thermal excitation)

DHSPI measurements under thermal excitation (AT from 0.8 to
2.5 °C) were carried out on section of the wall painting identified
by conservators as high priority for further investigation within the
ongoing restoration campaign.

The association of fringe patterns with defect types, previously
validated through experimental studies [28], provided the basis for
interpreting the DHSPI measurement results. The previous studies
combined theoretical analysis, numerical simulations, and experi-
mental testing on known samples to establish how specific fringe
morphologies correspond to underlying structural anomalies. Cer-
tain fringe patterns were shown to systematically arise from dis-
tinct defect types, enabling differentiation between defect types in
complex multilayered structures. Extended research on engineered
samples, supported by computer modelling and experimental vali-
dation, led to the development of the “defect classification table,”
which links visible fringe patterns to hidden defects and allows a
direct qualitative assessment of subsurface conditions.

Building on this methodology, in the present study, anoma-
lies within the wall painting subsurface were mapped, measured
and classified according to the specific interferograms captured,
and categorized by their potential threat (hereafter referred to as
“risk”) to the fresco surface integrity, as shown in Fig. 2a and b for
Scene 1 on Level 2 (2_1). The defect type was assessed based on
the experimentally validated fringe patterns, while the associated
risk was evaluated through the number of fringes and their tem-
poral evolution:

detachments, induced by cracks (red): areas exhibiting local-
ized surface displacements due to the presence of cracks. These
detachments were identified in the interferograms through circu-
lar or closed-form fringes of notable density, along abrupt changes
in fringe direction, indicating the location of the impacting cracks.
These structural discontinuities often contribute to the progressive
instability and risk for the fresco layer;

voids (yellow): areas with underlying voids, where air is
trapped in small cavities formed between layers. These appeared
as circular or closed-form fringes of lower density, typically cor-
responding to approximately 2 fringes of displacement (~0.5 pm).
Although these voids induce only minimal surface displacement,
they are not immediately threatening to the wall painting. How-
ever, their early detection is crucial to plan future monitoring and
thus avoiding their evolution into more serious structural instabil-
ities.

DHSPI monitoring results in passive mode (natural thermal and
humidity fluctuations)

Following the active thermal excitation procedure, three rep-
resentative areas were selected for further investigation through
DHSPI passive overnight monitoring, to better understand the be-
haviour of subsurface anomalies over time in the absence of ex-
ternal thermal excitation. One of these areas, for example, is lo-
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Table 1
Fraction of detached area in relation to measured one. Second level, walls 1 and 3.
Scene Examined area Detached area Detached
(m2) (m?) fraction
Wall scene 2_1 1.71 0.5 0.5/1.71 = 0.29
Wall scene 2_3 2.15 0.5 0.5/2.15 = 0.23

cated on Scene 2_1 where detachments were identified as being
caused by an underlying crack. The monitoring indicated stable
environmental conditions (temperature and relative humidity fluc-
tuations within 2 °C and 2 %, respectively) and only minor sub-
surface displacement behaviour. These observations were consis-
tent with the recorded variations in temperature and relative hu-
midity, as well as with the overall stability of the wall paintings.
In the Bardi Chapel, the maximum displacement values recorded
reached 7-7.5 nm. In all cases, a return to stable subsurface condi-
tions was observed, with minimal interferometric fringes detected
during several nighttime hours, indicating equilibrium between the
wall surface and its surrounding environment.

Of example, the results from Scene 2_1 (wall 1, 2nd level)
are presented in Fig. 3, showing the surface micro-deformations
in response to natural thermal and humidity fluctuations within
the chapel over time. Relative humidity (RH %) and displacement
values were recorded hourly over a 14-hour period. Interfero-
grams were acquired comparing each measurement to a previously
recorded reference state. The first reference interferogram was cap-
tured at 6:30 PM, followed by an hourly recording of both relative
humidity (RH %) and interferograms until 8:30 AM the next morn-
ing.

Detached areas estimates

A comparative evaluation of the condition of Giotto’s paintings
on the second level of the two lateral walls (Scenes 2_1 and 2_3)
was carried out based on the percentage of the depicted surface af-
fected by subsurface detachments. The calculation of the areas af-
fected by subsurface detachments was obtained through the anal-
ysis of the DHSPI interferograms acquired under thermal excita-
tion. Areas exhibiting circular or closed-form fringes of notable
density, often associated with abrupt changes in fringe orientation
due to cracks, were classified as detachments. These zones were
then mapped onto the corresponding wall painting scenes, and
their surface extent was measured by delineating the highlighted
regions and calculating their area relative to the total examined
surface. The resulting ratios (0.5 m?/1.71 m? and 0.5 m?/2.15 m?)
provide a quantitative estimation of the fraction of detached sur-
face within the investigated scenes. On-site DHSPI analysis showed
that 29 % and 23 % of the analysed areas on the second level of
walls 1 and 3, respectively, exhibited signs of detachment (Table 1).
This estimate offered a general quantitative comparison of the de-
tached surfaces. A more detailed localised analysis was conducted
to assess the nature of the detachments, determining whether they
required immediate restoration and/or long-term monitoring.

3.2. DHSPI results on previously restored areas

Important indication regarding the structural integrity but also
challenges in the interpretation of DHSPI results were encountered
in areas that had suffered the most damage and undergone exten-
sive restoration in the past. One such area is the central portion of
Scene 1_3 (Fig. 4a), which was significantly restored following the
removal of a 19th-century funerary monument.

In light of the results, conservators focused on the regions indi-
cated by DHSPI for informed development of conservation strate-
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b)

Fig. 2. Scene 2_1: (a) post-processed interferograms overlaid on the line drawing of the scene depicted by Giotto. Yellow ochre lines outlines the depicted fresco/plaster
borders;(b) condition map of the examined area: displacements induced by cracks in red-highlighted and cavities in yellow-highlighted regions. The area selected for passive

overnight DHSPI monitoring is highlighted in blue (57x48 cm).

gies. Currently, the region outlined in red and indicated by a red
arrow has been fully stabilized.

A significantly deteriorated area was identified on the third
level of the Bardi Chapel, within Giotto’s painted cycle, namely on
scene 3_3 (Fig. 5). The fresco portion depicting two faces (Fig. 5a),
is affected by a dense network of visible cracks and severe de-
tachments. At the beginning of monitoring, DHSPI detected a net-
work of circular fringes corresponding to detachments at the in-
tonachino/arriccio interface, and a network of abrupt fringes corre-
sponding to cracks partially visible on the surface, (Fig. 5b). The
detached areas characterized by more dense fringes, as shown in
Fig. 5¢, were identified by conservators as critical and in need of
urgent intervention. At the end of the monitoring, after 3 min, the
presence of detachments was still detectable, with a few fringes
remaining. At the same time, some cracks continued to cause sub-
tle surface movements after 180 s of monitoring (highlighted by
dotted red line in Fig. 5d).

Fig. 6 presents the 5_2 vault section, where DHSPI mea-
surements reveal complex displacement patterns. Some of these
patterns suggest long-term displacements, potentially indicating
deeper structural issues which require prompt action. A detailed
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view of the interferogram still showing strong displacements af-
ter 60 s of monitoring on the surface (after the surface has been
heated of AT=3.1 °C, cooling down to AT=2.4 °C in 60 s and 0.5 °C
after 180 s of monitoring) is shown in Fig. 6b These displacements
may be caused by detachments, voids within the underlying plas-
ter layers, stress from previous incompatible restoration interven-
tions or a combination of such inhomogeneities.

The detected differences in the density of DHSPI fringe pat-
terns did not always coincide with the visible junctions between
the Giotto’s fresco mortar and restoration plaster in the cor-
responding measured areas. This allowed to delimitate the ex-
tent of remaining original fresco mortar (dashed red line in
Fig. 6b), concealed by previous restoration intervention and not
visible by naked eye, providing an important indication to the
conservators.

Fig. 7 presents a fragment of DHSPI results overlaid on a line
drawing of Vault 5_2. In Fig. 7a, the areas outlined in red indi-
cate significant variations in fringe density and pattern, suggesting
differences in surface response that do not correspond to the vis-
ible boundaries of depicted fresco mortar fragments. This contrast
is further illustrated in the schematic comparison in Fig. 7b, where
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CORRELATION OF RELATIVE HUMIDITY VARIATIONS AND WALL PAINTING SURFACE DISPLACEMENT VALUES
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Fig. 3. The results of the passive overnight DHSPI monitoring on a portion (570x480 mm) of the Scene 2_1 (highlighted in blue in Fig. 1). The graph displays the relative
humidity (RH %, blue line) and surface displacement values (um, orange line), together with the representative interferograms.

Fig. 4. DHSPI results on Scene 1_3, examined portion highlighted by the red rectangle (124x75 cm): (a); post-processed interferograms overlaid on the white light image
(b); map of subsurface discontinuities, following the same differentiation in color as in Fig. 2(c). The red contoured outline in (b) and (c), indicated by a red arrow, shows the
detachment identifiable by conservators by knocking test and confirmed by DHSPI. The blue arrow in (b) and (c) indicate the location of the identified invisibile subusurface
crack by DHSPI, already present or possible to develop in the future, not yet detectable for conservators.

145



A. Chaban, V. Tornari, M. Andrianakis et al. Journal of Cultural Heritage 77 (2026) 140-148

Fig. 5. DHSPI results on Scene 3_3. (a) Examined area of the wall painting (32 x 29 cm) is indicated by the red rectangle. (b) First interferogram acquired 1 second after
heating (AT = 2.3 °C), revealing a network of cracks and detachments. (c) Same interferogram overlaid semi-transparently on the white light image. The condition map
produced by conservators is superimposed, with detachments color-coded by severity: the most critical in strong orange, others in yellow. (d) Final interferogram acquired
180 seconds after heating (AT = 0.7 °C), still suggesting some subtle surface displacements along cracks, some of them highlighted by dotted red lines.

0 25cm

Fig. 6. (a) Condition map showing critical areas identified through DHSPI measurements on the vault of the Bardi Chapel (central vault area, named 5_2). The semitransparent
red areas in the interferograms indicate persistent, dense displacement fringe patterns, with cracks outlined in red and the visible boundaries of Giotto’s painted fragments
highlighted in ochre yellow on the map (5a). b) An interferogram after 1 min of monitoring (AT = 2.4 °C) of the area (33x25 cm) is shown overlaid with the white light
image (b). Red arrows indicate zones of high fringe density with prolonged displacement and dashed lines the changes in fringe behavior corresponding to material junctions
or interfaces.

the edges of the surviving pictorial fragments are outlined in yel- 4. Discussion

low, while the structural response detected by DHSPI is contoured

by dashed red line. The key contribute of DHSPI results lies in its ability to as-
These observations suggest that the displacement patterns ac- sess the extent impact of structural discontinuities rather than

quired by DHSPI reflect the behaviour of hidden subsurface plaster merely identifying their presence. The technique reveals hidden

layers. features within the underlying layers, such as voids, detachments
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Fig. 7. DHSPI results on a delimited area of Vault 5_2. (a) Interferogram overlaid on the vault drawing, highlighting in red the areas with significant differences in fringe
density and pattern, indicative of variations in material properties. (b) Schematic comparison showing the visible boundaries of remaining pictorial fragments (ochre yellow),
DHSPI-detected boundaries (red), and the investigated area (outlined with a light blue dotted line).

or cracks, by capturing any discontinuities in the surface response
to external stress (e.g. temperature and relative humidity), thus
providing valuable insights into the fresco mortar’s health and
structure.

This approach provided both valuable insights and inherent
challenges. DHSPI data alone did not provide us everywhere with
the precise information on the nature, depth and size of the de-
tected anomalies. While no existing heritage science method can
provide all these details comprehensively, DHSPI stands out for its
ability to assess defects based on their impact on the wall paint-
ing’s response to external stress, thus specifically highlighting fea-
tures that are hidden but can compromise structural stability.

As shown in our case study, DHSPI assisted conservators-
restorers in mapping and classifying the structural discontinuities,
as well as quantifying and comparing the extent of detached ar-
eas per investigated wall surface, thus prioritizing the interven-
tions. In addition to structural monitoring, passive DHSPI monitor-
ing showed further potential in evaluating the influence of envi-
ronmental factors on the wall painting support stability (as illus-
trated here by night monitoring results).

However, more complex challenges arose in areas affected
by earlier restoration campaigns. Interferograms of wall painting
scenes 1_3, 3_3 and vault 5_2 revealed the presence of previ-
ous restoration materials, in a heterogeneous subsurface condition.
In these regions, detected defects and material discontinuities of-
ten coexist, complicating the interpretation of DHSPI results. While
DHSPI effectively identified structural discontinuities, it could not
definitively classify them as detachments or a combination of var-
ious features and material variations.

These findings underscore the importance of integrating DHSPI
with complementary diagnostic tools, such as stimulated infrared
thermography and Terahertz imaging.

Finally, DHSPI measurements on the vault revealed unexpected
variations in surface response that did not correspond to visi-
ble material discontinuities. Subsequent conservation efforts dur-
ing the cleaning phase uncovered original Giotto’s mortar frag-
ments hidden beneath 19th-century plastering, corresponding to
the anomalies detected by DHSPIL This discovery highlights the ef-
ficacy of DHSPI in identifying concealed structural features, thereby
informing targeted conservation interventions.

5. Conclusions

DHSPI contributed to the diagnostic campaign on Giotto’s wall
paintings in the Bardi Chapel by providing key insights that sup-
ported conservation efforts.
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Firstly, DHSPI proved effective in imaging, mapping, and clas-
sifying wall painting areas based on their structural integrity.
The data enabled conservators-restorers to compare DHSPI results
with traditional knocking test maps, facilitating the identification
and prioritization of the most critical structural defects. Moreover,
DHSPI provided valuable insight into potential future risks by re-
vealing hidden or subsurface features that would otherwise remain
undetectable even with diagnostic methods routinely applied to
Giotto's as well as other later medieval and Renaissance wall paint-
ings, such as multispectral imaging and chemical characterization
or with standard structural assessment tools like GPR and infrared
thermography. Secondly, DHSPI offered additional insights into the
subsurface conditions of the wall paintings that were not attain-
able through conventional knocking tests, like in wall scene 1_3.

Thirdly, DHSPI proved further potential in revealing concealed
layers non-invasively, detecting the hidden original Giotto’s mortar
under more recent restoration plaster layer.

Notably, the most detached areas were located in the upper
part of the Bardi Chapel, particularly on the walls and vaults
painted by Giotto, necessitating prompt attention. While overnight
monitoring provided numerical data suggesting the stable condi-
tion of subsurface cracks, the establishment of standard references
is essential for comprehensive assessment.

DHSPI's non-invasive, full-field monitoring capabilities played
an important role in the diagnostic campaign on Giotto’s wall
paintings, enabling rapid on-site assessment of structural condi-
tions and supporting timely conservation decisions. Most impor-
tantly, DHSPI's unique ability to detect concealed features and sub-
surface discontinuities significantly contributed to the investiga-
tion procedures, while the integration of DHSPI into the work-
flow actively involved conservators in interpreting complex diag-
nostic data, assisting in structural assessment and the study of
the restoration history of Giotto’s wall paintings. The integration
of DHSPI with complementary techniques - such as stimulated in-
frared thermography and Terahertz imaging - should provide for a
more comprehensive understanding of subsurface conditions and
is a subject of an ongoing investigation.
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