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Abstract. The rural architecture of Matera preserves important traces of the historical 
heritage represented by integrated water resources management systems, which con-
tributed to the inscription of the city on the United Nations Educational, Scientific and 
Cultural Organization (UNESCO) World Heritage List in 1993. The need to guarantee 
water supply led to theoretical and practical knowledge aimed at sustainable manage-
ment of resources, both within the urban fabric of the Sassi and along the historical 
routes of transhumance. The farmhouse known as Masseria del Cristo, in the coun-
tryside of Matera, bears historical evidence of this heritage, unlike what is observable 
in urban areas due to the significant transformations undergone in recent decades. 
Excavated cisterns, settling tanks, dug channels and a semi-excavated cistern with a 
roof were detected through photogrammetric processes and represented through 3D 
digital models that are freely consultable online. Through the analysis of this specific 
case study, the contribution proposes an interdisciplinary multiscale method to inves-
tigate the relationship between historical water systems and the geomorphological and 
hydrological context in which said systems are located. The results of this process pro-
vide a solid starting point to guide proper practices for the protection, recovery and 
enhancement of this historical heritage.

Keywords:	 Interdisciplinary Multiscale Analysis, Historical Water Systems, Digital 
Survey, 3D Virtual Fruition, Rural Architectural Heritage.

1. INTRODUCTION 

Digitalization processes play a central role in scientific research in the 
conservation and promotion of cultural heritage. 

In recent years, the scientific community has shown a growing interest 
in developing innovative methodologies and techniques for the survey and 
analysis of detailed historical heritage information. These processes produce 
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results useful for managing, designing and monitoring 
restoration interventions and functional recovery, as well 
as for enhancement and tourist promotion [1].

Structure From Motion (SfM) photogrammetric 
modeling, which uses frames acquired through cameras 
mounted on Unmanned Aerial Vehicle (UAV) devices, 
provides an innovative technology capable of returning 
high-quality information data, through rapid and sim-
plified processes. 

The photogrammetric survey enables the documen-
tation of historical heritage at risk of disappearing and 
the development of 3D digital models for virtual fruition. 

This study structures a multiscale analysis process 
to analyze systems of interception, channeling, collec-
tion and use of the water resource of a historical rural 
building, known as Masseria del Cristo, in the coun-
tryside of Matera (Southern Italy), ensuring its virtual 
accessibility through online 3D models which represent 
information banks to transfer knowledge. The choice of 
this approach stems from the need to properly know the 
intrinsic characteristics of such heritage, which is the 
product of historical practices aware of the relationship 
between architectural scale elements and the wider mor-
phological and hydrological context in which they are 
located.

The masserie, historical farmhouses, are complex 
and heterogeneous architectural organisms, which con-
stitute the key elements around the agricultural land-
scape of Southern Italy, organized on the latifundia and 
transhumance [2-3], from the Modern Age until the first 
half of the 20th century. 

2. METHODS

This contribution presents a methodological 
approach to study the historical heritage represented by 
integrated water resource management systems in the 
area of the Masseria del Cristo, in Matera. The analysis 
of these systems, inserted in a rural context, which gen-
erally have not transformed as in urban areas, provides 
a systematic knowledge of traditional water supply prac-
tices and techniques. The proposed methodology per-
mits to study this heritage through a multiscale interdis-
ciplinary workflow, because the study of water resource 
management systems requires a broader view at the nat-
ural environment in order to understand the close link 
between human settlement, morphology and hydrology 
of the territory. 

Rural architecture constitutes a substantial and 
invaluable component of the built heritage, not only 
within the boundaries of the case study presented but 

across the entire Italian territory. Until the aftermath of 
the Second World War, Italy remained a predominantly 
agrarian society. Consequently, the countryside was not 
only inhabited but also actively shaped and experienced, 
often even more intensively than urban areas. This his-
torical condition, which finds parallels in many other 
European countries, gave rise to an exceptionally rich 
and diverse architectural landscape. The buildings that 
populate this landscape draw their distinctive features 
from a profound and enduring relationship with the sur-
rounding environment.

The case study examined in this research was select-
ed precisely because it embodies this legacy, offering an 
exemplary testimony to the ingenuity and skill of early 
builders. These individuals, despite the absence of mod-
ern tools and technologies, were remarkably capable of 
reading the landscape, harnessing local resources, and 
making thoughtful decisions about where and how to 
establish a settlement. Their choices reflect a sophisti-
cated understanding of environmental conditions and 
reveal an inherent sustainability in their approach to 
construction.

The methodology developed in this study is based 
on a multi-scalar analysis that considers both the archi-
tectural artefact and its broader territorial context. This 
is achieved through the combined use of different tech-
nologies, including UAV devices for detailed architec-
tural surveys and Geographic Information Systems (GIS) 
for large-scale spatial analysis. The latter makes use of 
data provided by various public administrations, ena-
bling a broader understanding of the landscape dynam-
ics at play.

Although each heritage site possesses its own unique 
characteristics, the proposed method proves effective in 
identifying the common features that define historical 
rural architecture. These features consist of a body of 
knowledge, practical expertise, and experiential wisdom 
that have been accumulated over centuries, allowing 
communities to develop meaningful and adaptive rela-
tionships with the natural environment.

By integrating archival and bibliographic research 
with architectural surveying, geomorphological and 
hydrographic analysis of the surrounding landscape, this 
study offers a comprehensive and interconnected reading 
of the built heritage. The resulting interpretation high-
lights causal relationships between the various factors 
involved, making it possible to understand the rationale 
behind past settlement and construction choices. These 
insights remain highly relevant today, providing valuable 
guidance in an era when environmental sustainability 
has become an essential goal for contemporary planning 
and design.
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The proposed methodology is structured in the fol-
lowing steps: 
1.	 A bibliographical and archival search that provides 

relevant information on the subject. The biblio-
graphic search gives a global knowledge of the her-
itage under study and can provide interesting ideas 
for the analysis. At the same time, the information 
acquired through the consultation of historical 
archival documentation represents a necessary start-
ing point for the next steps.

2.	 State-of-the-art surveys to acquire an accurate basis 
on which to carry out the analysis of the historical 
integrated water management systems.

3.	 An interdisciplinary multiscale analysis structured 
in two consequential steps of territorial and archi-
tectural research, allowing the case study to be 
framed within a larger area, identifying the close 
link between geological, morphological and hydro-
logical characteristics and the integrated water 
resource management systems. The outcome con-
cerns the detailed study of the different compo-
nents of the system and their interrelations on an 
architectural scale.

4.	 Open source virtual fruition, made possible by select-
ing a platform on which to implement the 3D model 
generated in the previous steps, which can be freely 
accessed by users without any cost.

2.1 Bibliographical and archival research

The study of the bibliography was conducted 
through the consultation of scientific databases of Sco-
pus, ResearchGate, Google Scholar and supported by the 
study of unindexed works related to the so-called grey 
literature. This phase enabled the acquisition of an in-
depth understanding of the entire structure and the ter-
ritorial context in which it was originally conceived. On 
the one hand, the consulted literature provided valuable 
insights into the morphological and geological features 
of the Gravina di Picciano, thus supporting the develop-
ment of the scientific reflections presented in the subse-
quent methodological steps; on the other hand, it offered 
specific historical information regarding the evolution-
ary phases of the masseria and the functioning of the 
associated integrated water management systems. 

The analysis of documentation enabled the valida-
tion of the historical information gathered through bib-
liographic research and its integration with new insights. 
This step was conducted through the consultation of 
several local archives, such as the State Archive of Mat-
era (Archivio di Stato di Matera), the Diocesan Archive 
of Matera (Archivio Diocesano di Matera) and the RSDI 

Basilicata (Regional Spatial Data Infrastructure of the 
Basilicata Region) [4] online web platform. This step 
provided a solid basis for the analysis of this heritage 
and its characteristics in order to plan the survey and 
the analyses carried out at both territorial and architec-
tural scales. 

The Masseria del Cristo, or Santissimo Sacramento, 
stands on the Piano di Chiatamura, a plain area about 
10 km west of the urban center of Matera, along a sec-
ondary branch of the ancient route from Matera to the 
Sanctuary of Santa Maria di Picciano, part of a vast net-
work of historical farms and jazzi (typical structures for 
breeding and sheltering sheep) [5].

This architecture is located in the environmental 
context of the Gravina di Picciano stream, a left tribu-
tary of the Bradano river. The landscape is characterized 
by the contrast between the harsh bare limestone rocks 
along the steep banks of the stream and the clay cultivat-
ed with extensive arable land and olive trees. The mas-
seria is located on a rocky outcrop exactly on the border 
between the limestone and clay, a few meters from the 
edge of the Gravina.

The historical sources related to the Masseria del 
Cristo appear limited, but they testify to its different con-
figurations over time. Ancient documents call this dis-
trict Voccuzza, or Boccuzza [5]. In this place, the masse-
ria already appears at the beginning of the 17th century 
as a property purchased by the Paolicelli family, together 
with other possessions constituting a large estate, from 
the previous owner Giacuzzi family, which attests to its 
previous realization [6]. 

The probable original configuration of the build-
ing is stated in a document dated 11th September 1700 
and released by the public officer (tabulario) of the city 
of Matera, Don Giacomo Antonio Casamassima. In this 
report, the manor is described as a farmhouse made up 
of a single brick slab with a pitched roof, a fireplace, an 
adjacent well and three enclosed courtyards. Construc-
tion began in 1706, when ownership passed from the 
Paolicelli family to the Confraternity of the Santissimo 
Sacramento of the Cathedral of Matera [6].

The building, used until the mid-20th century, pre-
serves multiple traces of historical construction tech-
niques and ingenious integrated water management sys-
tems. The peculiar characteristics and the critical state 
of conservation and accessibility, as well as the serious 
risk of definitively losing this heritage, motivated the 
choice of the case study.

This masseria shows itself in an almost unchanged 
condition, unlike what can be found in the historical 
urban fabric of the Sassi, significantly transformed dur-
ing the recent decades.
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2.2 Digital survey

The state-of-the-art analysis is a necessary action to 
understand the parts that compose a historical build-
ing, their characteristics and how they interact to enable 
the functioning of the whole artifact. The use of innova-
tive technologies for the geometric survey ensures short 
acquisition times and high precision. For this reason, 
this study opted to use UAV photogrammetric and tradi-
tional survey techniques.

This step needs to be remotely programmed through 
the integrated software of the drone used or other exter-
nal software. The on-site survey is carried out only after-
wards. To improve the accuracy of the survey, well visible 
markers for Ground Control Points (GCPs) must be pro-
vided. The GCPs shall be evenly distributed in the sur-
vey area and well anchored to the ground, and they are 
intended to constitute the reference for aligning and geo-
referencing the data acquired. The above images are pro-
cessed in specific software to obtain point clouds, which 
are further processed for the purpose of generating 3D 
digital models. Photogrammetric processes require care-
ful acquisition of the frames, respecting the following 
parameters and precautions, for ensuring a successful 
acquisition and an accurate reconstruction of 3D models.

After acquiring all the information necessary to 
understand the subject, the authors conducted an on-site 
inspection. The preparation of this investigation directly 
affects the quality and accuracy of the data that will be 
collected subsequently.

A preliminary site survey was essential to identify 
potential interference and disturbance elements that 
could have adversely affected the acquisition phases. The 
accessibility of the site, the physical access to the area, 
the environmental and lighting conditions were assessed 
(natural lighting should be evaluated to avoid strong 
shadows and light variations that can complicate image 
processing) and finally the possible presence of disturb-
ing elements such as crowds or moving elements which 
could interfere with the instrumentation used in the 
acquisition step.

Photogrammetric acquisition with UAV necessarily 
included the consultation of d-flight flight maps to veri-
fy airspace categories and determine any restrictions or 
permits required. The survey was remotely programmed 
through the integrated software of the drone Autel 
Robotics Evo II 6K [7], with which the photogrammetric 
in situ survey was subsequently conducted. To improve 
the accuracy of the survey, well visible markers have 
been set up for GCPs. 

The GCPs were evenly distributed in the survey area 
and well anchored to the ground and served as a refer-

ence for aligning and georeferencing the data acquired. 
The acquisition of the frames has respected the fol-
lowing parameters and devices, ensuring the accurate 
reconstruction of the 3D models: frame overlap between 
60% and 80%, both on longitudinal and transverse axis; 
different camera inclinations, enabling the capture of 
details that would otherwise remain in shadow; manual-
ly setting of shutter parameters, such as aperture, expo-
sure time and ISO, which must be managed manually 
to ensure uniformity of image exposure; use of frames 
in their original entirety, without cropping or resizing 
operations. 

The survey with drones has affected the factory in 
the farm and the external areas of relevance, for a total 
area of about 30,000 m2, where a series of structures 
aimed at integrated management of water resources have 
been identified. The survey included a first UAV photo-
grammetric survey and a second traditional survey. 

The first one enabled the capture of 1132 frames 
(Figure 1) and was conducted in the following steps: 
1.	 Automated flight at 50 m from the level of the road 

access to the area, through which it was possible to 
obtain photos of context at the territorial scale, with 
a time of acquisition equal to about 10 minutes;

2.	 Automated flight at 40 m from the level of the access 
road to the area of the farm with photographic over-
lap of 80%, rectangular grid and zenith camera, 
with a time of acquisition of about 20-25 minutes;

3.	 Automated flight at an altitude of 20 m from the lev-
el of the access road to the area of the farm with a 
photographic overlap of 60%, rectangular grid and 
camera with inclination of 45° and with a time of 
acquisition of about 15-20 minutes;

4.	 Manual flight of detail at 5-10 m above the level of 
the road to the area of the masseria with a zenith 
camera and inclined at 45°, with a scan time of 
about 20 minutes. 
The frames acquired through the previous pho-

togrammetric survey step were processed in order to 
obtain a point cloud, which was in turn processed 
through the use of Agisoft Metashape software [8], fol-
lowing a series of basic preparatory steps to extract 
geometric information from photographs. The images 
acquired with the drone, as raw as possible and without 
distortion corrections, were imported into this software, 
which identifies common points in photographs, calcu-
lates, and determines the camera position for each image 
and optimizes the camera’s calibration parameters. The 
result of this process is a “sparse point cloud” and a 
series of camera positions (Figure 2), which afterwards 
has been processed to obtain the “dense point cloud” 
(Figure 2), necessary for the generation of the 3D mesh 
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(Figure 2c). Before the generation of the mesh, manual 
cleaning tools have been used to remove gaps in the 
reconstruction of the 3D model and correct anomalies. 
The mesh generation step is the process by which the 
previously obtained point cloud is transformed into a 
detailed and optimized 3D mesh using advanced trian-
gulation algorithms (Figure 2).

The inaccessibility of the cisterns excavated into the 
rocky substrate (Figure 3), due both to the limited size 
of the intake openings and to their precarious state of 
preservation, has precluded the use of instrumental sur-
vey techniques employing drones or Light Detection And 
Ranging (LiDAR) systems, both of which require the 
physical presence of operators within the cistern itself. 
Consequently, the dimensions of the structures were 
derived through traditional survey methods using a laser 
distance meter and applying the triangulation technique. 
The data obtained reveal dimensions and typological fea-
tures consistent with those of other similar artifacts found 
in the area, reflecting construction practices and tech-
niques deeply rooted in the local building tradition [9].

2.3 Interdisciplinary multiscale analysis

To properly understand the intrinsic characteris-
tics of any artefact, it is necessary to look at the context 
in which it is placed. Similarly, a thorough study of the 
architectural heritage requires a careful reading of its 
territorial context. 

In the anthropic settlements of this area, the shapes 
of places guided practices aimed at supplying the resourc-
es necessary for survival and water management, leaving 
indelible traces that bear witness to the technical knowl-
edge of the ancient inhabitants. The presence of complex 
integrated water resource management systems has led to 
a methodology that highlighted the relationships between 
geology, morphology and surface rainwater runoff, ena-
bling the understanding of the path of the surface water 
and the mechanisms of water resource accumulation.

A multiscale approach was adopted to analyze the 
functioning of the integrated water resource manage-
ment system and thus the interrelations between its dif-
ferent components.

Figure 1. Aerial photography with UAV of the Masseria del Cristo at 40 m above the level of the access road to the area. © 2025, Daniele 
Altamura, Enrico Lamacchia.
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The hydrographic analysis was carried out using 
QGIS software [10], and a model was developed in the 
GIS environment. Surface runoff accumulation maps 
were produced starting from the DTM (Digital Terrain 
Model) data made available by the RSDI Basilicata plat-
form [3]. This analysis permitted the comprehension of 
the mechanisms of water storage in the tanks, the con-
figuration and operation of the individual components 
of the system and their interrelations.

The area of Matera can be considered the “physical 
boundary” between the Matera-Laterza Horst [11] to the 
north-east (Murge is the geographic name of this type 
of flat-topped carbonate hills in the Apulian district) 
and the bas-relief landscape molded in the clays of the 
foredeep to the south-west [11]. Further, this landscape 
is characterized by the presence of deep and narrow 
V-shaped valleys and/or gorges in the strict sense (i.e., 
with vertical sides), named gravine [12-13]. The Masseria 

del Cristo is located on a limestone outcrop 10 kilome-
ters from Matera town, at an altitude of 250 m above sea 
level, not far from the Gravina di Picciano stream (Fig-
ure 4).

From a geological viewpoint, the study area is 
entirely included in the foredeep domain (Fossa Bradani-
ca) of the southern Apennines, filled by a marine regres-
sive stratigraphic succession made of clay, sand and con-
glomerate (from the bottom to the top), early Pleistocene 
in age. In the surroundings of Masseria del Cristo, the 
clay formation (Argille subappennine) is largely outcrop-
ping, locally covered by a few meters-thick eluvial-col-
luvial deposits. This formation stratigraphically overlies 
the bioclastic limestone of the Calcarenite di Gravina, 
late Pliocene - early Pleistocene in age, cropping out 
along the sides of the canyon in which the Gravina di 
Picciano stream flows. Out of the gorge, the calcarenite 
emerges exclusively in correspondence with the elongat-

Figure 2. Sparse point cloud (a), dense point cloud (b), 3D mesh (c) in Agisoft Metashape. © 2025, Daniele Altamura, Enrico Lamacchia.
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ed relief trending Northwest–Southeast, upon which the 
Masseria del Cristo is situated.

Along the Gravina di Picciano, about 5-6 km to the 
south, the clastic limestone unconformably lies on the 
Upper Cretaceous limestones Calcari di Altamura, which 
constitutes the geological backbone of both the morpho-
structural plateau of Matera and the whole Apulian fore-
land. Since the Calcarenite di Gravina does not exceed 
30-40 m in thickness in the investigated area, a geological 
cross-section through the site can easily show the entire 
stratigraphic sequence, here affected by normal fault-
ing [11, 13]. Indeed, the geological and geomorphological 
analysis reveals the presence of a set of Northwest–South-
east oriented faults, which are responsible for the genesis of 
the flat spur on which the Masseria del Cristo stands, and 
which have shaped the distinctive morphology of the area 
selected for the construction of the structure (Figure 5).

Some straight fluvial segments of the Gravina di Pic-
ciano stream display the same orientation (as, for exam-
ple, the stretch immediately to the south of the limestone 

hump of Masseria del Cristo), being controlled by the 
same fault system. This stream is part of the Bradano 
river basin, which extends from Monte Carmine (Appen-
nino Lucano) to the Gulf of Taranto and originates in 
the Alta Murgia Park close to the area of La Disperata, 
within the territory of the Municipalities of Spinazzola 
(in the province of Barletta-Andria-Trani), Poggiorsini 
and Gravina in Puglia (both in the province of Bari), at 
an altitude of 675 m above sea level [14]. The more mod-
est basin of the Gravina di Picciano stream, considered 
for its lower limit of confluence in the Bradano river, 
has an extension of 425 km2 and 28% of this is located 
within the administrative boundary of the Municipality 
of Matera [14] (Figure 6).

The hydrographic analysis carried out using QGIS 
software, based on the DTM data provided by the Basili-
cata Region through the online RSDI Basilicata plat-
form, revealed that the cisterns were built in correspond-
ence with the probable underlying Direct Fault. These 
cisterns collected meteor water carried by the western 

Figure 3. Plan, elevations and sections of the integrated water resources management system and analytical graphs of the interception, 
channeling, collection and use subsystems. © 2025, Daniele Altamura, Enrico Lamacchia.
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waterproof clay surfaces of the Mountains of Carbone, 
Picciano and Timbro. The produced maps highlighting 
the relationship between morphology and surface run-
off of the meteor water explain the reasons behind the 
choice of the site for the construction of the Masseria del 
Cristo. In fact, this building is located on the watershed 
of the corresponding hydrographic basin, and its posi-

tion has allowed it to avoid flooding phenomena related 
to heavy rainfall and to ensure an extended view to con-
trol the surrounding territory (Figure 7). 

Starting from the analysis and surveys carried out, 
the subsystems of channeling, collection and use of the 
resource were identified, which, by using the morphol-
ogy of the places, guaranteed the water supply (Figure 

Figure 4. (a)Aerial photography of the Masseria del Cristo territorial context and access route from the town. (b) Aerial photography of the 
site. (c) Framing of the Masseria del Cristo with geographic coordinates of the artifact, the calcarenite outcrop and the Gravina di Picciano 
stream. © 2025, Daniele Altamura, Enrico Lamacchia.
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Figure 5. (a) Morphology of the area of Masseria del Cristo. (b) Geology of the area of Masseria del Cristo. © 2025, Marcello Schiattarella, 
Lucia Contillo.
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Figure 6. (a) Morphological and hydrographical characteristics of Matera territory (from Ermini R., Spilotro G., 2022). (b) Bradano river 
basin, stream and Gravina di Matera stream basins (from Ermini R., Spilotro G., 2022). © 2022, Ruggero Ermini, Giuseppe Spilotro.
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8). Rainwater is collected on the surface of bare lime-
stone rock, in which channels of variable length are 
dug, between 20 and 50 cm wide and between 10 and 
20 cm deep. These channels convey the water to stor-
age “settling tanks” excavated in a parallelepiped shape 
of variable dimensions (Figure 8). Maintenance and 
cleaning were carried out by removing the sampling 
mouth itself.

The clarified water is subsequently transferred 
through other dug channels to three cisterns with an 
average depth of 6 m. There are two bell-type cisterns 
(Figure 9a-b) and one semi-hypogeal with roof cistern 
(Figure 9c).

The use of the resource occurred through direct 
withdrawal from the upper mouths using buckets low-
ered manually from above. The two bell-type cisterns 

Figure 7. (a)Aerial photography of the Masseria del Cristo area. (b) Aerial photography with superimposed topographic CTR map (Carta 
Tecnica Regionale at the original 1:10,000 scale). (c) Morphology and stream. (d) Morphology, Gravina di Picciano stream and hydrospa-
tial network. © 2025, Daniele Altamura, Enrico Lamacchia.
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have an additional duct downstream of their mouth, 
which transfers excess water through a canal to the 
drinking trough excavated for animals.

2.4 Open source virtual fruition

The 3D model obtained through the processes 
described so far, as well as being functional to this spe-
cific study, is suitable for methods of enhancement and 
virtual fruition of this heritage.

In this way, this inaccessible heritage can be 
explored remotely through a virtual museum experi-
ence. Therefore, it was decided to upload it to the ATON 
open-source platform [15], created by the CNR (National 
Research Council), which allows users to visualize the 
model and interact with it in a virtual reality environ-
ment (Figure 10). 

These tools offer an immersive approach to cata-
loguing material heritage for scholars and technicians 
and, at the same time, easy and engaging dissemination 
to a broad and non-specialized audience. Dissemination 
in this form is a starting point for raising awareness on 
the topic of heritage at risk and a guide for valorization 
processes [16].

3. DISCUSSIONS

In a general context in which the matrix of archi-
tectural shapes has been, for centuries, the adaptation 
to the natural substrate, each episode has evolved, start-
ing from common practices, towards peculiar solutions. 
Understanding settlement phenomena on a territorial 
scale cannot therefore ignore the in-depth analysis of 
the individual pieces that compose it. This gives rise to 
the need to identify a research methodology, such as the 
one proposed in this study, which relates the individual 
case to its context. The Masseria del Cristo, despite the 
general precarious state of conservation, shows unaltered 
examples of systems for interception, canalization, col-
lection and use of water resources of a rural architecture 
in Matera.

The analysis of historical water systems in the rural 
territory of Matera offers a valuable testimony to an 
empirical and profoundly interdisciplinary knowledge, 
developed and consolidated over centuries within local 
rural communities. Despite the absence of formal sup-
port from modern scientific frameworks, this vernacu-
lar wisdom proved remarkably effective in harnessing 
the geomorphological and geological characteristics of 
the landscape, thereby ensuring access to the resources 
needed for the survival and continuity of human settle-
ment. Among these resources, water undoubtedly played 

Figure 8. (a-b) Schematic axonometric split of the bell-type cisterns. (c) Schematic axonometric split of the semi-hypogeal cistern with roof. 
© 2025, Daniele Altamura, Enrico Lamacchia.
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a central and strategic role. This is clearly reflected in 
the sophistication and ingenuity of the systems identified 
through this research, which reveal a deep understand-
ing of the natural mechanisms governing water circula-

tion. The attention paid to the geological attributes of 
the context was not accidental but stemmed from pre-
cise empirical observations that guided both settlement 
choices and construction practices.

Figure 9. (a-b) Technological sections of the two “a campana” cisterns. (c) Technological sections of the “a tetto” cistern. © 2025, Daniele 
Altamura, Enrico Lamacchia.

Figure 10. Navigation screen in ATON web platform: 3D model with highlighted selectable elements. © 2025, Daniele Altamura, Enrico 
Lamacchia.
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In particular, the decision to build the Masseria del 
Cristo upon a calcarenite rocky spur appears to reflect a 
rational assessment of the site’s hydrogeological dynam-
ics. This elevated position, in addition to offering defen-
sive advantages and visual command over the surround-
ing territory, provided favorable conditions for intercept-
ing and collecting rainwater and surface runoff. These 
processes were facilitated by the selective permeability of 
local lithological formations. The rocky spur, due to its 
form and composition, thus served not only a defensive 
function but also played a strategic role in water man-
agement, confirming the presence of a form of construc-
tion intelligence deeply rooted in the understanding of 
the environment.

Within this context, geomorphological analysis 
emerges as an indispensable tool for reconstructing the 
historical mechanisms of water procurement. The study 
of rock types and structures, stratigraphic discontinui-
ties, and the permeability and porosity of lithic mate-
rials, along with the identification of infiltration and 
runoff dynamics, permits a scientifically rigorous recon-
struction of settlement patterns and resource manage-
ment strategies developed by rural communities.

In contemporary research, geological studies are 
essential not only for interpreting the hydraulic tech-
niques of the past but also for evaluating their effective-
ness, sustainability, and potential for adaptive reuse in 
current contexts. Stratigraphic surveys, petrographic 
analyses, topographical mapping, and digital hydrologi-
cal modeling highlight the functional principles under-
lying these systems and the interactions between litho-
logical structures and water flows. When integrated with 
historical and archaeological data, this knowledge pro-
vides a foundational basis for a comprehensive scientific 
approach to the preservation, restoration, and enhance-
ment of rural hydraulic heritage.

Geology, therefore, not only offers a critical lens 
through which to interpret historical practices but 
also serves as a fundamental instrument for guiding 
informed and context-sensitive interventions aimed at 
the recovery, valorization, and potential reactivation of 
these systems. This approach aligns with broader goals 
of environmental sustainability and cultural continuity.

In this sense, the study of such water systems per-
mits the recovery of meaningful fragments of traditional 
technical knowledge, as well as contributing to the rec-
ognition and appreciation of a form of territorial resil-
ience. This resilience, shaped through a harmonious 
interaction with the natural environment, has ensured 
the long-term sustainability of rural settlements in the 
Matera region.

4. CONCLUSIONS

For these reasons, the case study constituted the 
test bed for validating the proposed multiscale analysis 
methodology, which can be replicated for further case 
studies, providing a solid starting point for recovery and 
enhancement practices. Obtaining a 3D digital model 
and its interactive online use offers a way to involve and 
raise awareness even among non-experts on the topic of 
historical architectural heritage, constituting an innova-
tive method of teaching and dissemination.

The natural evolution of this research points toward 
the systematic and detailed cataloguing of additional 
heritage assets and architectural artifacts located within 
the same territorial context. These elements are to be 
examined using the same interdisciplinary and multi-
scale methodology adopted in the current study. Such an 
extension would permit a more profound understand-
ing of each architectural object, considered in terms of 
its morphological, typological, and functional specific-
ity. Furthermore, it would enable a more comprehensive 
interpretation of the relationships that these buildings 
maintain within the broader networks of settlements, 
hydraulic systems, and ecological structures embedded 
in the landscape.

This perspective marks a significant conceptual 
shift. Cultural heritage is no longer seen as a mere col-
lection of distinct and independent elements, but rather 
as an organic and interconnected system, deeply rooted 
in the landscape and reflecting its multifaceted nature, 
encompassing historical, physical, environmental, and 
socio-economic dimensions. Within this framework, 
heritage is redefined as a layered and dynamic palimp-
sest in which each material component acquires a rela-
tional meaning, serving as tangible evidence of a long-
standing and layered interaction between human com-
munities and their surrounding environment.

This condition of interrelation represents a funda-
mental characteristic of historical architecture in gen-
eral, and of rural architecture in particular. Indeed, the 
latter embodies a form of deeply grounded construc-
tion wisdom that has been developed over centuries and 
transmitted across generations. It is an empirical and 
context-sensitive knowledge system, through which past 
builders devised sustainable solutions that were precisely 
attuned to the locally available resources and respon-
sive to the geomorphological and climatic specificities of 
their environment.

Once validated within the context of the present 
case study, this methodological model proves not only 
to be transferable but also highly recommendable for 
application in other territorial contexts. It is grounded in 
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consolidated processes of scientific inquiry and in tech-
nologies that are now widely accepted and employed by 
scholars, professionals, and institutional actors. Conse-
quently, it offers promising avenues for broader applica-
tions at national and international levels, promoting an 
integrated strategy for the interpretation, conservation, 
and valorization of cultural heritage and landscapes. This 
approach is capable of reconciling scientific rigor with 
technological innovation and historical sensitivity, thus 
fostering a more sustainable and informed framework for 
heritage management in contemporary scenarios.
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Abstract. The integration of Heritage Building Information Modeling (HBIM) with 
Common Data Environment (CDE) is essential for the efficient management and pres-
ervation of historical school buildings. This study explores their combined applica-
tion through the case of the Ermenegildo Pistelli school in Rome. The methodology 
involves advanced surveying techniques, archival research, and digital modeling to cre-
ate an accurate HBIM model, stored and managed within a CDE. The results highlight 
the role of public administration and stakeholder collaboration in ensuring effective 
data structuring, accessibility, and long-term conservation. Despite challenges in inter-
operability and digital literacy, the findings emphasize the importance of standard-
ized workflows and stakeholder engagement in heritage management. Future research 
should enhance open-source solutions, improve training programs for public entities, 
and promote broader interdisciplinary cooperation. This study contributes to advanc-
ing digital strategies for the sustainable preservation of educational building heritage.

Keywords:	 HBIM, CDE, School Building, Built Heritage, Digital Preservation.

1. INTRODUCTION

The integration of advanced technologies in the management of school 
buildings plays a critical role in the context of contemporary educational 
environments. As institutions strive to create conducive learning spaces, the 
adoption of Heritage Building Information Modeling (HBIM) offers an effec-
tive solution. This approach not only facilitates the preservation of historical 
school buildings but also enhances the management of information related to 
their structural and functional attributes [1-2]. This paper explores the inter-
section of HBIM, school buildings, Collaborative Data Environments (CDE), 
and information management, highlighting their collective potential to opti-
mize educational facilities.

The concept of HBIM extends beyond traditional Building Information 
Modeling (BIM) by incorporating the unique characteristics and historical 
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significance of the building. This approach allows for the 
detailed documentation and analysis of school buildings, 
ensuring that their architectural integrity is maintained 
while simultaneously improving operational efficiency 
[3-4]. By leveraging HBIM, educational institutions can 
create a comprehensive digital representation of their 
facilities, enabling better decision-making regarding 
maintenance, renovations, and resource allocation.

The implementation of CDEs similarly plays a cru-
cial role in enhancing collaboration among stakeholders 
involved in school building management. CDEs provide 
a centralized platform for sharing, facilitating commu-
nication, and streamlining workflows among architects, 
engineers, facility managers, and educators. This col-
laborative approach ensures that all parties have access 
to up-to-date data, thereby reducing the likelihood of 
errors and miscommunication during the planning and 
execution of the design. The integration of these plat-
forms with HBIM can further improve school facility 
governance by providing a seamless exchange of relevant 
insights throughout the building’s lifecycle. Effective 
information management is essential for optimizing the 
performance of educational facilities. The ability to col-
lect, analyze, and utilize data related to building perfor-
mance, occupancy, and environmental conditions can 
significantly impact the overall quality of the educational 
experience. By employing robust data-driven strategies, 
institutions can make informed decisions that enhance 
the functionality and sustainability of their facilities. 
This paper will examine various information man-
agement frameworks and their applicability to school 
buildings, emphasizing the role of data-driven decision-
making in educational environments. The integration of 
HBIM and CDEs presents an opportunity to address the 
unique challenges associated with school facilities, par-
ticularly those of historical significance. In Rome, where 
the study is based, many educational institutions occupy 
buildings from different historical periods. Preserving 
these structures while adapting them to modern needs 
requires a careful balance. To illustrate effective strate-
gies, this study will explore case studies showcasing suc-
cessful implementations of HBIM and CDEs in school 
building management, highlighting best practices and 
key lessons learned.

1.1 HBIM for school buildings

HBIM integrates various data acquisition tech-
niques, including terrestrial laser scanning (TLS) and 
photogrammetry, to create detailed 3D models of histori-
cal buildings [1-3]. The process typically involves several 
stages: data collection, point cloud generation, model 

creation, and the incorporation of historical and archi-
tectural information into a cohesive digital framework 
[4]. For instance, Liu et al. [1] emphasize the importance 
of interdisciplinary integration in developing HBIM 
models for ancient structures, including educational 
buildings such as the Rosenwald Schools in the United 
States. The application of HBIM in school buildings 
has been documented in various case studies, showcas-
ing its utility in preserving educational building herit-
age. The digital documentation of the Tankersley School 
in Alabama utilized HBIM techniques to reconstruct 
the building’s historical significance and architectural 
details [1]. This approach not only aids in restoration 
efforts but also serves educational purposes by providing 
a digital archive of the building’s history and architec-
tural features. Moreover, the integration of HBIM with 
virtual reality (VR) technologies has been explored to 
enhance the immersive experience of historical school 
buildings. This combination allows for interactive learn-
ing environments where users can explore the architec-
tural heritage [5-6]. Such applications demonstrate the 
potential of HBIM to preserve and actively engage the 
public in historical educational sites.

The use of HBIM for school buildings facilitates 
comprehensive data management, allowing for the 
integration of various types of information, including 
architectural, historical, and structural data [7-8]. This 
holistic approach enhances the understanding of the 
building’s lifecycle and informs conservation strategies. 
For instance, the use of HBIM in the management of 
the Master Gate of San Francisco in Portugal illustrates 
how detailed modeling can support diagnostic assess-
ments and maintenance planning [2]. Secondly, HBIM 
promotes collaboration among stakeholders involved in 
heritage conservation, including architects, historians, 
and conservationists. By providing a shared platform for 
data access and visualization, HBIM fosters interdiscipli-
nary cooperation, which is essential for effective heritage 
management [9, 10]. This collaborative aspect is particu-
larly crucial in educational contexts, where multiple par-
ties may be involved in the preservation of the buildings.

Despite its advantages, the implementation of HBIM 
in school buildings faces several challenges. The com-
plexity of modeling intricate architectural details and 
the need for specialized skills in both heritage conserva-
tion and digital modeling can hinder widespread adop-
tion [11-12]. Additionally, the integration of intangible 
cultural heritage aspects into HBIM models remains 
an area requiring further exploration [9, 13]. Future 
research should focus on developing standardized pro-
tocols for HBIM applications in educational building 
heritage, enhancing training programs for practitioners, 
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and exploring the integration of emerging technologies 
such as artificial intelligence to automate certain aspects 
of the modeling process [14-15]. Furthermore, expanding 
the scope of HBIM to include community engagement 
initiatives could enhance public awareness and appre-
ciation of historical school buildings. HBIM represents 
a transformative approach to preservation and manage-
ment. By facilitating collaboration among stakeholders 
and integrating diverse data types, HBIM holds signifi-
cant promise for advancing the preservation and man-
agement of educational built heritage. 

1.2 Information management: platforms and uses

BIM implementation requires integrating the diverse 
professional roles involved in a project, facilitating effi-
cient knowledge exchange. This approach ensures the 
continuous and accurate updating of available informa-
tion, minimizing errors and optimizing processes. Spe-
cific tools, such as collaborative platforms based on open 
systems, are required to achieve these objectives. These 
platforms must support professionals in the architecture, 
engineering, and construction sectors in general, includ-
ing Public Works Managers and contracting authorities, 
in the proper management of BIM models. This encom-
passes specialized aspects such as plant design, energy 
analysis, structural analysis, site management, mainte-
nance of works, and much more. The integration of BIM 
and Common Data Environments (CDE) has emerged 
as a pivotal aspect of modern construction management 
and architectural design. 

This literature review synthesizes current research 
on the interplay between HBIM and CDEs, highlight-
ing their roles in enhancing collaboration, data man-
agement, and project efficiency. CDEs are essential for 
facilitating effective collaboration among stakeholders 
in BIM projects. They provide a centralized platform for 
data sharing, which is crucial for maintaining consist-
ency and accuracy in project information. According to 
Patacas et al. [16], a well-structured CDE can significant-
ly enhance the operational efficiency of BIM processes 
by ensuring that all participants have access to the lat-
est project data, thus reducing the likelihood of errors 
and miscommunication. Furthermore, Min Ho Shin [17] 
emphasizes the necessity of standardized data defini-
tions within collaborative environments, asserting that 
commercialized CDEs can streamline the implementa-
tion of BIM across various participants in the architec-
ture, engineering, and construction (AEC) sectors. The 
use of CDEs not only improves data accessibility but also 
enhances data quality and interoperability among differ-
ent systems. Sheehan et al. discuss how CDEs facilitate 

cross-study comparisons and data aggregation, which 
are vital for meta-analyses in clinical research, and these 
principles can be analogously applied to BIM environ-
ments. The standardization of data through CDEs allows 
for better integration of various tools and technolo-
gies used in BIM, promoting a more cohesive workflow. 
This interoperability is particularly important in pro-
jects involving multiple stakeholders, as it ensures that 
all parties are aligned in terms of data usage and project 
objectives. The development of frameworks for CDEs 
is crucial for their successful implementation in BIM 
projects. Patacas et al. [16] propose a framework that 
incorporates open standards and existing technologies 
to create a prototype CDE aimed at improving facilities 
management through BIM. This framework address-
es the operational aspects of BIM and emphasizes the 
importance of a collaborative approach to data manage-
ment. Similarly, Abbas et al. [18] highlight the necessity 
of a Master Information Delivery Plan (MIDP) within 
the BIM Execution Plan (BEP), which outlines the infor-
mation deliverables and protocols necessary for effective 
collaboration in BIM projects.

Despite the advantages of integrating CDEs with 
BIM, challenges remain in achieving seamless collabora-
tion and data management. The complexity of managing 
diverse data sources and ensuring data integrity across 
platforms can hinder the effectiveness of CDEs [19]. 
Future research should focus on developing stronger 
frameworks that address these challenges while enhanc-
ing user experience and data security in collaborative 
environments. Additionally, exploring the potential of 
emerging technologies, such as cloud computing and 
artificial intelligence, could provide innovative solu-
tions for improving the functionality of CDEs in BIM 
applications [20]. CDE integration within BIM frame-
works is essential for fostering collaboration, enhancing 
data quality, and improving overall project efficiency. As 
the construction industry continues to evolve, ongoing 
research and development will be crucial for addressing 
existing challenges and leveraging new technologies to 
optimize collaborative workflows.

These new workflows also bring some new issues 
to deal with, such as the critical need for improved col-
laboration, interoperability, and data security in herit-
age conservation efforts. As highlighted by Zhou et al. 
[21], who propose a framework that utilizes blockchain 
technology to enhance data security and collaborative 
efficiency. Furthermore, the role of CDEs in facilitat-
ing high-quality data exchanges and ensuring the effec-
tive management of heritage data is underscored by 
Oostwegel et al. [22], who emphasize the importance of 
openBIM standards in mitigating data loss during the 
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digitalization of culturally significant buildings. Addi-
tionally, the potential of CDEs to support dynamic infor-
mation integration, as discussed by Moyano et al. [23], 
illustrates the need for a comprehensive understanding 
of how these environments can streamline workflows 
and improve decision-making processes in HBIM appli-
cations.

1.3 Paper aim and research question

The integration of CDEs and effective information 
management strategies, within HBIM methodologies, 
holds significant promise for enhancing the manage-
ment of school buildings. By embracing these technolo-
gies, educational institutions can create environments 
that support academic achievement and highlight the 
historical significance of their facilities. This paper aims 
to address some fundamental issues related to the use of 
CDE in HBIM applications, with a specific case study on 
a school building of public heritage in Rome, Italy, the 
Ermenegildo Pistelli Complex. The research unit coop-
erates for the historical-constructive investigation and 
performance verification of historic schools in Rome in 
a knowledge transfer path [24, 25]. The paper presents a 
consolidated workflow developed and used in collabora-
tion with the Public Administration owner of a vast pub-
lic patrimony of school buildings in the city of Rome, 
in particular those of the I Municipality. The following 
research question not only aligns with current trends in 
digital heritage management but also seeks to contribute 
to the development of best practices for implementing 
CDEs in the context of architectural heritage: How can 
the integration of CDEs enhance interoperability and 
data management in Heritage Building HBIM applica-
tions, particularly in the context of architectural heritage 
restoration design and their management?

2. METHODOLOGY

The research methodology presented in this paper, 
designed for the development of integrated planning 
and management processes of public school assets in 
alignment with and supporting the Public Administra-
tion, is structured into activities: 1. Data Collection and 
Data Processing (§ 2.1); 2. Data Restitution and Model-
ling Output (§ 2.2); 3. Management of CDE for HBIM 
(§ 2.3). The core of the process is represented by the last 
subsection concerning the use of the CDE. The chosen 
platform allows integrating the documentary aspects, 
technical documents, and information modeling, specifi-
cally to create a complete HBIM of all the fundamental 

aspects for the management of a public heritage. The 
methodology is illustrated in Figure 1. 

2.1 Data Collection and Data Processing

The integrated survey involves both traditional and 
TLS (Terrestrial Laser Scanning) methodologies. The 
point cloud of the Ermenegildo Pistelli school build-
ing in Rome was created using Leica’s RTC360 3D laser 
scanner. This device operates based on the high-speed 
time-of-flight principle, enhanced by Wave Form Digi-
tizer Technology (WFD). This type of survey provides a 
precision of up to 5 millimeters and a maximum range 
varying between 800 and 1000 meters. The scanner can 
collect up to tens of thousands of points per minute (up 
to 2 million points per second) by directing the laser 
pulse across the surface of an object using a rotating 
mirror or prism. It also allows for data acquisition in less 
than 2 minutes per scan and provides an HDR spherical 
image with a resolution ranging from 6 mm to 10 m.

The scanner also enables automatic alignment of 
the point cloud based on real-time motion detection 
through a mobile device, which simultaneously offers a 
3D and 360° visualization of a single scan or the entire 
point cloud. The automatic in-field registration without 
targets (based on VIS technology) and automated data 
transfer to the office further maximizes productivity, sig-
nificantly reducing survey time.

The Leica Cyclone FIELD 360 app (version 5.2.1) 
was employed as part of Leica Geosystems’ 3D reality 
capture solutions, connecting field-acquired data to the 
scanner and office data registration using Cyclone REG-
ISTER 360 (version 2021.1.2 build r20092). In the field, 
users can acquire, register, and automatically review 
scan data and images. The reduced “noise” in the data 
results in sharper, high-quality scans rich in detail and 
ready for use in various applications. Combined with the 
Cyclone FIELD 360 software for automatic in-field reg-
istration, the Leica RTC360 scanner ensures high accu-
racy that can be verified directly on-site.

 The survey of the E. Pistelli complex consisted of 
157 scans, resulting in 272 connections between different 
setups. There is a 50% overlap between the scans, which 
makes the connections robust. The margin of error for 
the point cloud is 0.0005 m. It is therefore possible to 
conclude that the survey was carried out correctly.

In the process of reconstructing the building’s origi-
nal design, it is undoubtedly essential to conduct a cog-
nitive investigation of the existing heritage, consulting 
and carrying out a careful analysis in several archives 
in Rome. In this specific case, the Capitoline Historical 
Archive, the Department of Infrastructure Development 
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and Urban Maintenance (SIMU), and the Department 
of Heritage of Rome Capital were consulted. From these 
results, it was possible to reconstruct and structure the 
model in several phases, mainly reconstructing the his-
torical evolution of the building, consisting of extensions 
and adjustments to fire regulations. Through this phase of 
consulting the existing documentation, it was possible to 
simplify the subsequent phases of survey and modeling.

The survey campaign for the building was conduct-
ed over multiple days due to organizational constraints 
and the availability of the school. Once the survey cam-
paign was complete, all scans were merged and aligned 
using the Cyclone Register 360 software (version 2021.1.2 
build r20092). This software enables the merging of vari-
ous point clouds, aligning them, and strengthening the 
connections between setups, i.e., the different scanning 
points. A separate point cloud was created for each sur-
vey day, and these were subsequently “cleaned” to remove 
noise and unwanted elements. After processing the point 
clouds, they were exported in the .rcp format, which is 
readable and compatible with Autodesk software.

A key feature of Leica’s RTC360 laser scanner is its 
ability to orient the model based on the geographic coor-
dinates of the location. This ensures that the point cloud 

is automatically georeferenced, eliminating the need for 
additional steps once the data is processed in the office. 
The point cloud was then imported into Autodesk’s 
Recap software to be used for visualization, analysis, and 
sectioning according to specific needs.

2.2 Data Restitution: BIM Modelling

To create the BIM model of the Ermenegildo Pis-
telli Complex, the Autodesk Revit v2024 BIM Authoring 
software was selected. The first step involved identify-
ing and semantically defining the various building com-
ponents. The primary structural elements and detailed 
components were identified. The modeling process was 
developed in accordance with Italian regulation UNI 
11337-part 3 and 4, and ISO 19650 standards, with 
the specific request from the Public Administration 
to achieve a Level of Development (LOD) E-F-G and a 
high granularity of Level of Information Need (LOIN) 
for windows, doors, and ornamental elements, to sup-
port future restoration and conservation interventions. 
LOD has evolved both in geometrical aspects (LOG 
– Level of Geometry) and information (LOI – Level of 

Figure 1. Methodology workflow.
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Information). LOIN was articulated across three distinct 
dimensions: the geometric component (representation 
of shape, size, dimensional accuracy, and spatial posi-
tioning of elements), the alphanumeric (data expressed 
through characters, numerical values, codes, and sym-
bolic identifiers necessary for classification and analy-
sis), and the documentary component (structured set of 
historical records, technical drawings, and supporting 
documents associated with each modeled element). Spe-
cifically, all appropriate components were set up with the 
correct dimensions based on the surveys and accurately 
positioned. Thanks to the historical information gath-
ered and the on-site survey, it was possible to recreate a 
highly accurate model. The majority of components were 
modelled as loadable families, while for some complex 
elements, conceptual mass modelling was employed, 
allowing for the creation of any shape. The parametric 
modelling of families facilitates their reuse, as families 
within the same category can be adapted by changing 
parameters, such as length. Each model component is 
assigned parameters defining its creation and demolition 
phases. These alphanumeric characteristics are managed 
within the model’s database or schedules to produce the-
matic deliverables or interact more effectively with the 
information component, even remotely and using spe-
cialized tools. Information was added to the building 
model during and after its creation. A BIM model can 
incorporate extensive and multidisciplinary information, 
including: Building geometry, Materials and their prop-
erties, Images of various kinds of the investigated asset, 
Historical documentation, Traditional or high-definition 
surveys with point clouds, and other types of informa-
tion. All this data is collected and managed within the 
BIM model, which functions as a three-dimensional and 
virtual database.

The main phases of the standard modelling process 
were: 1. Importing the point cloud into the modelling 
software, 2. Generating the primary geometries based on 
the point cloud, 3. Defining system families, 4. Creating, 
parameterizing, and inserting loadable families, 5. Cre-
ating local families.

2.3 CDE: Information Management

National (UNI11337 – part5) and international 
regulations (ISO 19650) describe the CDE as a virtual 
environment, such as a Cloud or Server, where all pro-
ject stakeholders can store their work. This environ-
ment is organized and structured to track all activities, 
define roles and responsibilities, and provide up-to-
date and comprehensive information to all participants. 
Within this context, the collaborative and integrative 

aspects typical of the BIM methodology take shape. 
This tool is central to the digital construction process 
because it allows digital models to fulfill their primary 
function: serving as the basis for integrated and shared 
decision-making.

A collaborative BIM platform (namely CDE) must 
provide a range of functionalities to enhance team pro-
ductivity, stakeholder engagement, and achieve several 
benefits, including: 1) comprehensive control of con-
struction processes (use of cloud infrastructures acces-
sible from any device and by all operators, ensuring 
continuous supervision of processes); 2) defined roles 
and responsibilities (clear and precise assignment of 
roles and responsibilities to protect informational assets, 
ensure data security, and prevent fraud and errors); 3) 
action traceability (monitoring actions performed and 
recording revisions and modifications made to shared 
data among various stakeholders. Each user is granted 
specific permissions based on their role, ranging from 
read-only access to full editing rights); 4) review and 
approval (implementation of structured processes for the 
review, approval, and validation of documentation, facili-
tating control and sharing of updated document and 
model versions); 5) effective communication (promoting 
continuous communication among stakeholders through 
information coordination and management of the inter-
nal CDE, rather than external channels, such as email). 
Finally, the use of CDE permits automatic data backup, 
ensuring data recovery in case of partial or total loss.

In this research, it was possible to share and review 
all acquired materials and work progress using the 
Dalux software provided by the developer for the pur-
poses of the research and study (Figure 2). This soft-
ware, structured according to BIM regulations, allows 
project participants to manage file access, consult the 
project in its three-dimensional form while overlaying 
it with the point cloud, and create two-dimensional sec-
tions and plans directly from the viewer itself.

The digital archive thus constructed contains all 
documents organized into defined categories and sec-
tions. The database can be continuously updated over 
time. This ensures the orderly and ongoing manage-
ment of documents by incrementally adding new ones 
as needed. The main advantages of managing an entire 
asset in this manner include: accessibility and retrieval 
of documents; measurement of the available archi-
val assets; management and continuous updating; and 
stakeholder discussions on design objectives.

All the archive documentation, the 3D model of the 
building, and the elaborated point cloud were archived 
within the Dalux software. The peculiarity of this CDE 
is to update, comment, and keep track of all the people 
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and changes that make up the project. In particular, it 
is possible to keep track of the progress of the modeling 
thanks to the plugin that allows for instant connection 
of Revit and Dalux. Furthermore, in the Dalux viewer 
section, it is possible to view the overlapping of the mod-
el with the point cloud.

3. CASE STUDY: THE PISTELLI SCHOOL IN ROME

The case study is the Ermenegildo Pistelli school 
building, part of the Claudio Abbado Comprehensive 
Institute, which houses a kindergarten and elemen-
tary school. It is located in Rome’s Municipality I, at 
Via Monte Zebio 35 (Figure 3). The building, large and 
C-shaped, is arranged along the perimeter of the lot, 
defining the entire frontage on Via Monte Zebio and 
extending along two sides to create two distinct angular 
spaces [26]. The corner between Via Monte Zebio and 
Via Cantore is notable for the low gymnasium struc-
ture, which visually balances the clock tower, and for the 
portal of one of the building’s original entrances, which 
once separated the male and female sections of the 
school. Another corner, located at the intersection of Via 
Monte Zebio and Via Achille Papa, features a recessed 
entrance portico relative to the two main façades. This 
design harmoniously connects the two wings of the 
building and creates an inviting urban access space 

to the school. The internal garden could originally be 
accessed both from the building and through two side 
gates located on the wings of the building; today, only 
one gate remains, on Via Achille Papa.

The school building was designed according to 
modern criteria. The classrooms are spacious and bright, 
with large and tall windows that allow natural light and 
sunlight to enter. Gardens and terraces were conceived 
to enable outdoor teaching. However, following the sub-
division of the courtyard, the original layout of the gar-
den was lost, with most of the area now paved except 
for a small portion allocated to the kindergarten [26]. 
The building consists of three above-ground floors and 
a semi-basement, also featuring large windows on the 
main frontage. The interior spaces were organized based 
on solar orientation, with all classrooms facing southeast 
or southwest. The layout is serial, with rectangular class-
rooms of identical dimensions, each approximately 27 
square meters.

The building’s façades follow a classical design 
approach, with a clear hierarchy of floors. On the first 
floor, the central body windows feature a serliana motif, 
while the entrances are marked by arcaded porticos with 
round arches. The building’s volume is complex and 
well-balanced, with a clear distinction among its various 
architectural components [26]. Distinct elements include 
the entrances with their terraces, the gymnasium, and 
the clock tower topped by a belvedere. The architecture 

Figure 2. Structure of Dalux, CDE folders organized for the research and stakeholders permits.
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is enriched with extensive use of stucco and decora-
tive elements, enhancing its aesthetic value. The build-
ing was designed and constructed as an integral part of 
the new Piazza D’Armi district, now known as Piazza 
Mazzini. Morphologically, it has a traditional layout, 
adhering to the lot’s shape and responding to the sur-
rounding urban requirements. At the intersection of the 
tree-lined avenues of Via Monte Zebio and Via Achille 
Papa, the designer conceived a small resting area that 
expands the public space, providing a place of relief 
within the urban fabric.

The school building was designed in 1909 by archi-
tect G. Venturi. In 1924, following the signing of the 
contract, construction began under the supervision of 
the Gianicolense Cooperative Construction Company. 
By 1926, as the building neared completion, heating 
systems were installed. Prof. G. Jacobucci and Prof. B. 
Marescalchi were responsible for the façade decorations 
in 1928. In the same year, consolidation and underpin-
ning work were required due to widespread structural 
settlements. The building works were officially tested 
and certified in 1932, and in the following year, the Fire 
Brigade Guard Post was constructed within the same 
block. The original design of the school was modified 
during construction, including lowering the level of 
the internal garden to match the basement floor. This 
change affected the internal façades and, functionally, 
altered access to the garden, which became primar-

ily accessible from the basement level. In 1953, expan-
sion plans for the school were drafted, involving the 
construction of the central block that divided the inter-
nal courtyard into two sections. The work commenced 
in 1955 and was completed in 1956. The expansion 
retained the proportions of the main building in terms 
of distribution and functionality but differed in terms of 
materials and, especially, window design. The architec-
tural language of the façades was distinct, with a mini-
malist layout without decorative elements. In 1971, final 
testing was conducted for fire safety compliance, which 
included the construction of two external emergency 
staircases made of reinforced concrete. In 2019, the first-
floor premises of the building, previously used by the 
former Opera Sante de Sanctis, were returned to their 
original use.

4. RESULTS

The results of the developed process are divided 
into three areas: 1) integrated survey, where archive 
documents, traditional techniques and TLS survey are 
merged to establish the basis for information model-
ling (§ 4.1); 2) information modelling for heritage, the 
HBIM process, with particular attention to the model-
ling of building components subject to cataloguing for 
subsequent redevelopment and restoration interventions 

Figure 3. Historical and current pictures of Pistelli School. A) ICCD - Morpurgo Fund - inv. n. G016928 - Morpurgo, L. B. 1924, Cultural 
Association info.Roma.it - cod. 3896. C) Archivio Storico Luce. D) E) F) 2025, De Bellis, M.

http://info.Roma.it
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(§ 4.2); 3) conscious use of the CDE for the HBIM speci-
fications, cataloguing the construction elements and the 
archival information (§ 4.3). The modeling in particu-
lar proposes different approaches depending on specific 
construction elements; some with more regular geom-
etries can be parameterized with a defined procedure, 
while for those with more irregular ones, it is necessary 
to develop ad hoc strategies which, in the proposed case, 
combine the use of meshes with informative modeling.

The greatest challenge is certainly represented by 
the management of information for heritage buildings, 
where it is necessary to correctly store the archival infor-
mation, create catalogues of the construction elements, 
and then generate the relative HBIM models, complete 
both from a geometric and an informational perspec-
tive. Furthermore, the possible and facilitated interaction 
between the stakeholders involved assumes a fundamen-
tal aspect in the phase of model development first, and 
of management of the heritage asset afterwards.

4.1 Integrated survey

The survey campaign for the building was conducted 
over multiple days due to organizational constraints and 
the availability of the school. Once the survey campaign 
was completed, all scans were merged and aligned. The 
157 scans performed are shown in Figure 4. For a total of 
2,158,318,110 points, which constitute the entire point cloud.

In order to outline the history of the building, it was 
necessary to consult as much archive material as possi-
ble (Figure 5). The only document in possession at the 
beginning of the work was the knowledge sheet of the 
building, drawn up by the architect P. Capolino. This 
document proved to be essential to understand, in gen-
eral terms, all the aspects of the building, which allowed 
us to outline the subsequent historical investigations in 
the various archives of the Municipality.

The Capitoline Historical Archives of Roma Capitale 
preserves most of the documentation found on the case 

Figure 4. Division of integrated survey and complete restitution of point cloud.
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study. Thanks to the archival sources, which also includ-
ed design plans for the heating systems, it was possible 
to identify the different figures involved in the construc-
tion of the building and, at the same time, the problems 
faced during its construction. It was interesting to note 
how, after about a century, due to the war and the conse-
quent increase in costs, a request was made by the con-
struction company to review the prices, because both 
the labour and the materials had undergone increases. 
In addition, the Capitoline Archives also preserve the 
last progress report with the reservations made by the 
construction company for works not provided for in the 
contract and for increased costs. The accounting of the 
work also made it possible to identify the assignment of 
the decoration and sculpture work to the two profession-
als in charge, a document that proved crucial in cata-
loguing the façade elements.

The Department of Heritage Valorization and 
Housing Policies of Rome Capital preserves the original 
design layouts of the building. Furthermore, it was pos-
sible to view the documents relating to the expansion 
of the building, and consequently, it was possible to 

reconstruct its history, namely the planning that took 
place in 1953, the construction that began in 1955, and 
ended in 1956.

To conclude the historical investigations on the 
building, an inspection was also carried out at the 
Department of Infrastructure Development and Urban 
Maintenance of Rome Capital (SIMU), where the lat-
est interventions carried out on the school are archived, 
including maintenance of the systems and checks of 
compliance with fire regulations. In addition to the veri-
fication documentation of the building, it was also pos-
sible to recover the plans of the building in CAD format, 
whose last update dates back to 2010.

4.2 HBIM Model and Building Components Informative 
Modelling

The modeling process followed the consolidated 
Scan2BIM process, where the elaborated point cloud 
served as a scaffolding on which to model the build-
ing. The historical analysis elaborated through archival 

Figure 5. Archive documents. A) View of the elevation on via Monte Zebio, original design (1928). B) Tender for the construction of the E. 
Pistelli school (1924). C) Latest progress report of the E. Pistelli school (1932). D) Plan of the original design (1928). [Archives A, D: cour-
tesy of the Department of Heritage Enhancement and Housing Policies of Rome- Dir. Acquisition Deliveries Conservatory - Conservatory 
Archive - pos. n. 486-XIX, folder 38; B, C: -courtesy of the Capitoline Superintendency of Cultural Heritage – Capitoline Historical Archive 
- Ripartizione V-Ragioneria Appalti Esauriti, b. 89, fasc. 231, sf. Bis ]
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sources also allowed us to obtain essential information 
for information modelling.

An explicit request from the public administra-
tion was to pay attention to the valuable elements of the 
school, which had to be modeled with great attention to 
detail (always both geometric – LOG – and informative 
– LOI). Among these, in the case study analyzed in the 
paper, the following certainly stand out (Figure 6): the 
geometric rustication of the ground floor, the irregu-
lar rustication of the basement, the vaults of the ground 
floor, the ornamental elements of the façade, and the 
windows and door frames (internal and external ones). 
In particular, on these last two elements, it was consid-
ered essential to develop a filing system that would allow 
the information to be stored in order to proceed with 
a restoration (for the ornaments) and a performance 
requalification with conservation of the historical-con-
structive values ​​(for the windows and door frames).

A critical aspect of this study was the approach to 
modelling the external and internal windows and door 
frames. Staying within the constraints of Revit’s built-in 
libraries proved nearly impossible, especially considering 
the unique elements required, such as the fixtures and 
frames in this case. These elements, inherently unique, 

are difficult to simplify into generalized categories 
because they were specifically designed and constructed 
for particular applications. Additionally, they often reflect 
the craftsmanship and modifications introduced over 
time. For the windows, it was decided to create specific 
families for each type, nesting them based on their com-
ponents and decorative elements while geometrically 
simplifying them as much as possible. A closer inspec-
tion of the building reveals a division of the façades into 
three distinct architectural orders, each corresponding to 
a specific type of fixture. The fixtures are more ornate at 
the lower levels and become progressively simpler on the 
upper levels. Furthermore, on each façade, the decora-
tions of the fixtures differ, making it necessary to identify 
each façade of the building using letters of the alphabet. 
Overall, the building contains 435 windows and French 
doors, along with 227 internal and external doors.

In the HBIM modeling of the E. Pistelli school, the 
development of the digital model was structured accord-
ing to the Italian regulation UNI 11337 for LOD and 
the ISO 19650 standard for LOIN. The overall model 
reached a geometric development corresponding to LOD 
C-D (according to Italian UNI 11337), ensuring sufficient 
accuracy for general analysis and decision-making pro-

Figure 6. HBIM model and specific informative objects elaborated.
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cesses. However, for specific components explicitly prior-
itized by the Public Administration (i.e., windows, doors, 
and ornamental elements), the geometric modeling 
(LOG) attained a higher level of detail, corresponding 
to LOD E-F. These elements were modeled with a high 
degree of morphological accuracy, often through bespoke 
parametric families and mesh modeling to capture irreg-
ularities and artisanal features. From an informational 
perspective (LOI), the objective was to reach LOD F-G 
for selected components, with a focus on comprehensive 
metadata supporting maintenance, restoration planning, 
and performance assessment. The LOIN defined for the 
project required high granularity of information, includ-
ing historical references, construction features, material 
properties, typological classification, and performance-
related data. This level of detail enabled an accurate and 
interoperable dataset aligned with the asset management 
needs of the Public Administration, supporting long-term 
conservation strategies and integration into broader her-
itage information systems.

A great deal of cataloguing work was carried out 
on the doors and windows (Figure 7). Given the num-
ber and the difference in types for each façade, first, the 
elevations were distinguished with a letter (from A to L). 
Secondly, they were coded with an acronym IE (exter-
nal frame) and a number regarding the different typolo-
gies. The modelling followed the same cataloguing, so 
the informative family was named with the cataloguing 
IE - NN (code-number) and then each different fam-
ily (which therefore corresponds to a typology different 
from frame).

As with the windows, another distinctive feature 
of the façade of the E. Pistelli school is the rusticated 
finish on the external walls. The ornamental and rus-
ticated masonry follows the same principle as the fix-
tures: more elaborate on the lower levels adjacent to 
the street and progressively simpler as the height of the 
building increases. Rustication is present on all façades 
of the building, except for the new construction, which 
is devoid of any decorative elements. For all the rusti-
cated elements that characterize the ground floor façade 
of the building, a highly realistic modeling approach 
was achievable, given their regular geometry (Figure 8). 
The same principle was applied to other elements of the 
façades, such as string courses and quoins.

Almost all the interior spaces on the ground floor 
are covered by vaults. It was discovered that the major-
ity of the vaults are ribbed, but the building also fea-
tures barrel vaults with lunettes and dome vaults. Since 
Autodesk Revit does not have a specific command for 
creating vaulted ceilings, several methods were experi-
mented with to reproduce and catalog the various vaults 

present in the rooms of the building, to evaluate which 
methodology could be considered the most effective, 
reliable, and easiest to implement.

In order to create a model as faithful to reality as 
possible, and given that the spaces covered by the vaults 
have different geometric dimensions, it was decided to 
use adaptive component families as the basis for mod-
eling the vaults. This type of family adjusts to the irregu-
larities that typically characterize existing buildings.

For the elaboration of the more complex ornaments 
of the façade, in order to provide a comprehensive inter-
pretation, it was decided to approach them through the 
development of meshes (Figure 9). This choice was also 
influenced by the fact that modeling programs typically 
assume the design of a new building, where the geome-
tries are perfectly aligned and free of irregular elements. 
In the specific case of the E. Pistelli school, the elements 
in question were the fountain, located in the internal 
courtyard of the school, and the rustication of the raised 
basement. The latter, in fact, features rustication that 
does not follow a precise and repeated geometric pat-
tern, in addition to being made of an equally irregular 
surface, which overall adds movement to the façade. 
Moreover, this type of decoration is characteristic of the 
neighbourhood and the period of construction, and con-
sequently, it was deemed essential to represent it. The 
software used for data processing was Autodesk’s Recap 
and Cloud Compare.

4.3 Use of CDE for HBIM applications

The use of CDE is a real challenge in the informa-
tion management of the built heritage. In the research 
project presented, the Dalux platform was selected for a 
series of specific functions that allow for expanding the 
capabilities of the HBIM as much as possible. The pro-
cess according to which the CDE is structured is the 
classic one, divided into 4 phases by technical regula-
tions: WIP - SHARED - PUBLISHED - ARCHIVED. 
The information passes to the next step depending on 
the approvals provided by the actor of the building pro-
cess responsible for validating each phase. Commercial 
CDE platforms have undergone significant developments 
and can lend themselves significantly to implementation 
in the HBIM process if used consciously. 

They certainly present a series of fundamental func-
tions in the HBIM process, such as: cataloguing in a sin-
gle storage of all the information relating to the build-
ing, even if in different formats; the interaction between 
the stakeholders involved, in particular the public 
administration, still not very familiar with the logic of 
BIM modeling, but instead more willing to interact with 
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Figure 7. Windows and door informative modeling.
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BIM Viewers and management platforms; the possibility 
of verifying responsibility and completion of tasks and 
activities; and finally the cataloguing of construction ele-
ments through the detailed explanation of information 
models and other documentary sources.

First of all, the possibility of interacting between the 
interested stakeholders has allowed sharing information, 
revisions, and comments on all shared aspects: archival 
information, technical representations, point clouds, and 
models (Figure 10), and also visualizing by overlapping 
them. Each comment can also be assigned to a process 

Figure 8. Regular bugne modelling and parametrization in the HBIM model and vaults specific families modelling

Figure 9. Ornaments modelling workflow.
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actor and has a deadline. In this way, it is always possi-
ble to verify responsibilities and implementation times of 
the activities (Figure 10). Secondly, a fundamental aspect 
is to verify the progress of the information modeling, 
comparing the versions uploaded by the operators. In 
Figure 10, it is possible to view the HBIM model divided 
by colours depending on the updates (i.e., red: removed; 
green: added; yellow: modified).

Finally, the cataloguing for the detail elements 
(described specifically in 4.2 for the fixtures) is reported 
with all the aspects of the digital archive produced with-
in the CDE in Figure 11 for the façade ornaments. The 
archive is translated into a table that reports the label 
of the modeled element, explanatory comments, geo-
metric aspects, and archival descriptions; to these are 
added photographs of the survey carried out and meshes 
extracted from the point cloud. This procedure allows 
for a complete archive of the aspects necessary for the 
analysis and possible restoration of the construction ele-
ments, and is open, since it can be implemented at any 
time, with data and documents relating to specific analy-
ses that the public administration will want to conduct 
(e.g., material, degradation, performance analyses for the 
fixtures, etc).

5. DISCUSSIONS

The findings of this study highlight the significant 
advantages of integrating HBIM with CDE for the infor-
mation management of built heritage, and in particular, 
with a case study on school buildings. The methodology 
exposed allowed for a comprehensive approach to digital 
documentation, fostering interdisciplinary collaboration 
among the stakeholders (architects/engineers, historians, 
real estate and facility managers, and public administra-
tors). The integration of advanced surveying techniques, 
including TLS, ensured a high level of precision in data 
collection, which was instrumental in creating a robust 
and information-rich HBIM model of the Ermenegildo 
Pistelli school in Rome.

The use of CDEs proved to be a pivotal component 
of the research, facilitating seamless communication 
and data exchange among stakeholders. By structur-
ing the digital environment according to standardized 
workflows, it was possible to efficiently manage histori-
cal documentation, architectural and construction mod-
eling, and collaborative decision-making. The research 
also demonstrated the effectiveness of cataloguing con-
struction elements and archival information within the 
HBIM framework, offering a replicable model for other 
heritage preservation projects.

Figure 10. CDE HBIM management and Stakeholders’ interaction.
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Figure 11. Scheme of ornaments modelling and information storage into the CDE.
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The study also encountered limitations. One of the 
primary challenges was the complexity of modeling 
intricate architectural details and integrating them with 
historical data in a structured manner. The use of HBIM 
methodology proved to be effective in documenting tan-
gible aspects of the building, but the inclusion of intan-
gible cultural heritage remains an ongoing challenge. 
The reliance on authoring software, such as Autodesk 
Revit and Dalux, may also pose constraints in terms of 
interoperability and long-term data accessibility.

Furthermore, the process of historical data collec-
tion presented obstacles due to fragmented archival 
records, requiring efforts to piece together a coherent 
reconstruction of the building’s evolution. The accuracy 
of the final model is inherently dependent on the qual-
ity and availability of archival materials, which may not 
always be sufficient. Another limitation is the adoption 
of CDEs by public administration entities, which often 
lack the necessary technical expertise to fully utilize 
these digital tools. The study underscores the need for 
tailored training programs to enhance the digital com-
petencies of heritage management professionals.

To address these limitations and expand upon the 
research findings, significant future directions can be 
proposed. The development of standardized protocols 
for HBIM applications in educational heritage man-
agement could also improve consistency and facili-
tate broader adoption. Further research should focus 
on enhancing the interoperability of HBIM and CDEs 
through open-source platforms and standardized data 
exchange formats. This would mitigate the challenges 
associated with proprietary software and ensure long-
term accessibility and usability of heritage data. Addi-
tionally, community engagement initiatives could be 
developed to involve local populations in heritage con-
servation efforts, ensuring that HBIM applications align 
with broader societal and cultural objectives.

The debate on data ownership, in terms of security 
and protection, certainly remains open. In accordance 
with the actual legislation (UNI 11337), the responsibil-
ity for the CDE is assigned to the client, who can either 
manage it directly or delegate this function to an exter-
nal entity. The client specifies the procedures for man-
aging the flow of information to and from the CDE in 
the Information Specification, also defining the parties 
responsible for and/or custodians of the CDE. The regu-
lations establish a general framework for the information 
flow within the CDE. The presented work could allow a 
framing in the proposed framework, also of the issues of 
data management to support the public administration 
for the future conservation and sharing of information.

6. CONCLUSIONS

The study highlights the significant role of integrat-
ing HBIM with CDE for the efficient management and 
preservation of historical school buildings. The case 
study of the Ermenegildo Pistelli school in Rome dem-
onstrated that HBIM not only enables accurate digital 
documentation of architectural and historical features 
but also enhances data structuring for long-term con-
servation. The involvement of public administration 
and stakeholders played a fundamental role in ensur-
ing the effective storage, management, and accessibility 
of models and data within the CDE. By fostering col-
laboration among architects, engineers, historians, and 
facility managers, the structured digital workflow facili-
tated informed decision-making and optimized herit-
age management processes. Despite challenges related 
to the complexity of architectural modeling, data inter-
operability, and the digital literacy of public entities, 
this research underscores the necessity of robust digital 
strategies in heritage conservation. Future efforts should 
focus on enhancing interoperability through open-
source platforms, developing training programs for pub-
lic administration, and promoting stakeholder engage-
ment to ensure sustainable and inclusive heritage man-
agement practices.

7. ACKNOWLEDGMENTS

Scientific collaboration agreement between the 
DICEA of the Sapienza University of Rome and the 
Municipality I of Rome Capital and focused on the 
architecture for education designed and built in Rome 
from the Unification of Italy to the first thirty years of 
the twentieth century. Scientific referee: Edoardo Currà.

The researcher A. D’Amico worked on the following 
publication as part of the research contract co-financed 
by the European Union—PON Research and Innovation 
2014–2020 pursuant to art. 24, paragraph 3, letter. a), of 
Law 30 December 2010, n. 240, and subsequent amend-
ments, and the Italian Ministerial Decree 10 August 
2021 n. 1062.

8. FUNDING

Project 2022–Sapienza University of Rome: SMART-
EST “Digital tools for indoor environmental qual-
ity in school buildings”. Protocol number: RP1221816B-
F46A04. Scientific referee - PI: Alessandro D’Amico.



38 Alessandro D’Amico et al.

9. AUTHOR CONTRIBUTIONS

A.D. Conceptualization, Methodology, Validation, 
Writing - Original Draft, Supervision, Project adminis-
tration, Funding acquisition; M.B. Visualization, Investi-
gation, Surveys, Formal analysis; E.C. Writing - Review 
& Editing, History of construction supervision.

10. REFERENCES

[1]	 Liu J, Bird G, Willkens DS, Burt RA, McGonagill 
H (2023) Preserving the history of African Ameri-
can Education: Digital Documentation of Rosen-
wald Schools-A Case Study on the Tankersley 
School in Hope Hull, Alabama, USA. Int Arch Pho-
togramm Remote Sens Spatial Inf Sci XLVIII-
M-2-2023:951–958. https://doi.org/10.5194/isprs-
archives-XLVIII-M-2-2023-951-2023

[2]	 Garcia-Gago J, Sánchez-Aparicio LJ, Soilán M, 
González-Aguilera D (2022) HBIM for supporting 
the diagnosis of historical buildings: case study of 
the Master Gate of San Francisco in Portugal. Autom 
Constr 141:104453. https://doi.org/10.1016/j.aut-
con.2022.104453

[3]	 Liu J, Willkens DS, Foreman G (2022) An intro-
duction to technological tools and process of Herit-
age Building Information Modeling (HBIM). EGE-
Expresión Gráfica en la Edificación 16:50–65. htt-
ps://doi.org/10.4995/ege.2022.17723

[4]	 Tagliabue LC, Villa V (2017) Il BIM per le scuole: 
analisi del patrimonio scolastico e strategie di inter-
vento. Hoepli, Milano

[5]	 Lin YC (2017) Application of integration of HBIM 
and VR technology to 3D immersive digital man-
agement-Take han type traditional architecture as an 
example. Int Arch Photogramm Remote Sens Spatial 
Inf Sci XLII-2/W5:443–446. https://doi.org/10.5194/
isprs-archives-XLII-2-W5-443-2017

[6]	 El Barhoumi N, Hajji R (2024) HBIM and Extend-
ed Reality for cultural mediation of Historical Her-
itage: a Review. Int Arch Photogramm Remote 
Sens Spatial Inf Sci XLVIII-4/W9-2024:125–132. 
https://doi.org /10.5194/isprs-archives-XLVIII-
4-W9-2024-125-2024

[7]	 Matrone F, Colucci E, De Ruvo V, Lingua A, Spanò 
A (2019) HBIM in a semantic 3d gis database. Int 
Arch Photogramm Remote Sens Spatial Inf Sci 
XLII-2/W11:857–865. https://doi.org/10.5194/isprs-
archives-XLII-2-W11-857-2019

[8]	 Ferro A, Lo Brutto M, Ventimiglia GM (2023) A 
Scan-to-BIM process for the monitoring and con-

servation of the architectural heritage: Integration 
of thematic information in a HBIM model. Int Arch 
Photogramm Remote Sens Spatial Inf Sci XLVIII-
M-2-2023:549–556. https://doi.org/10.5194/isprs-
archives-XLVIII-M-2-2023-549-2023

[9]	 Heesom D, Boden P, Hatfield A, Rooble S, Andrews 
D, Hallam G (2021) Developing a collaborative 
HBIM to integrate tangible and intangible cultural 
heritage. Int J Build Pathol Adapt 39(1):72–95. htt-
ps://doi.org/10.1108/IJBPA-04-2019-0036

[10]	Jordan-Palomar I, Tzortzopoulos P, García-Vallde-
cabres J, Pellicer E (2018) Protocol to Manage Her-
itage-Building Interventions Using Heritage Build-
ing Information Modelling (HBIM). Sustainability 
10(4):908. https://doi.org/10.3390/su10040908

[11]	Bacci G, Bertolini F, Bevilacqua MG, Caroti G, 
Martínez-Espejo Zaragoza I, Martino M, Piemonte 
A (2019) HBIM methodologies for the architectural 
restoration. The case of the ex-church of San Quirico 
all’Olivo in Lucca, Tuscany. Int Arch Photogramm 
Remote Sens Spatial Inf Sci XLII-2/W11:121–
126. https://doi.org/10.5194/isprs-archives-XLII-
2-W11-121-2019

[12]	Oreni D, Brumana R, Georgopoulos A, Cuca B 
(2013) HBIM for conservation and management of 
built heritage: towards a library of vaults and wood-
en beam floors. ISPRS Ann Photogramm Remote 
Sens Spatial Inf Sci II-5/W1:215–221. https://doi.
org/10.5194/isprsannals-II-5-W1-215-2013

[13]	Fernandes Dionizio R, Dezen-Kempter E (2024) 
Cultural heritage management: towards informed 
decision-making based on integrated HBIM-
GIS. Blucher Soc Sci Proc 7:501–516. https://doi.
org/10.5151/FGKD24-48

[14]	Attenni M (2019) Informative models for architec-
tural heritage. Heritage 2(3):2067–2089. https://doi.
org/10.3390/heritage2030125

[15]	Khodeir LM, Soliman HE (2017) Sustainable Devel-
opment of Heritage Areas: Towards Cyber-Physical 
Systems Integration in Extant Heritage Buildings and 
Planning Conservation. Int J Recent Contrib Eng Sci 
IT (iJES) 5(1):40–52. https://doi.org/10.3991/ijes.
v5i1.6623

[16]	Patacas J, Dawood N, Kassem M (2020) BIM for 
facilities management: A framework and a com-
mon data environment using open standards. Autom 
Constr 120:103366. https://doi.org/10.1016/j.aut-
con.2020.103366

[17]	Shin MH, Kim SA (2024) Analyzing the variances in 
perspectives on BIM implementation among Korea 
AEC participants. Adv Civ Eng 2024:4809957. htt-
ps://doi.org/10.1155/2024/4809957

https://doi.org/10.5194/isprs-archives-XLVIII-M-2-2023-951-2023
https://doi.org/10.5194/isprs-archives-XLVIII-M-2-2023-951-2023
https://doi.org/10.1016/j.autcon.2022.104453
https://doi.org/10.1016/j.autcon.2022.104453
https://doi.org/10.4995/ege.2022.17723
https://doi.org/10.4995/ege.2022.17723
https://doi.org/10.5194/isprs-archives-XLII-2-W5-443-2017
https://doi.org/10.5194/isprs-archives-XLII-2-W5-443-2017
https://doi.org/10.5194/isprs-archives-XLVIII-4-W9-2024-125-2024
https://doi.org/10.5194/isprs-archives-XLVIII-4-W9-2024-125-2024
https://doi.org/10.5194/isprs-archives-XLII-2-W11-857-2019
https://doi.org/10.5194/isprs-archives-XLII-2-W11-857-2019
https://doi.org/10.5194/isprs-archives-XLVIII-M-2-2023-549-2023
https://doi.org/10.5194/isprs-archives-XLVIII-M-2-2023-549-2023
https://doi.org/10.1108/IJBPA-04-2019-0036
https://doi.org/10.1108/IJBPA-04-2019-0036
https://doi.org/10.3390/su10040908
https://doi.org/10.5194/isprs-archives-XLII-2-W11-121-2019
https://doi.org/10.5194/isprs-archives-XLII-2-W11-121-2019
https://doi.org/10.5194/isprsannals-II-5-W1-215-2013
https://doi.org/10.5194/isprsannals-II-5-W1-215-2013
https://doi.org/10.5151/FGKD24-48
https://doi.org/10.5151/FGKD24-48
https://doi.org/10.3390/heritage2030125
https://doi.org/10.3390/heritage2030125
https://doi.org/10.3991/ijes.v5i1.6623
https://doi.org/10.3991/ijes.v5i1.6623
https://doi.org/10.1016/j.autcon.2020.103366
https://doi.org/10.1016/j.autcon.2020.103366
https://doi.org/10.1155/2024/4809957
https://doi.org/10.1155/2024/4809957


39Information Management for Built Heritage: CDE and HBIM for Educational Buildings

[18]	Abbas M, Ajayi S, Oyegoke A, Alaka H (2022) A 
Cloud-based Collaborative Ecosystem for the Auto-
mation of BIM Execution Plan (BEP). J Eng Des 
Technol 21(5):1229–1252. https://doi.org/10.1108/
JEDT-02-2022-0128

[19]	Tang B, Luo J, Zhang J (2024) Container-based data-
intensive application scheduling in hybrid cloud-
edge collaborative environment. Softw Pract Exp 
54(7):1217–1240. https://doi.org/10.1002/spe.3195

[20]	Lim G, Lee D, Suh S (2015) Cloud-Based Content 
Synchronization Method for Collaborative Learning 
Environment. Int J Adv Corp Learn (iJAC) 8(1):24–
29. https://doi.org/10.3991/ijac.v8i1.4410

[21]	Zhou C, Dong X, Zou Y, Chen L, Xu F (2024) A His-
torical Building Information Modeling-Based Frame-
work to Improve Collaboration and Data Security in 
Architectural Heritage Restoration Projects. Build-
ings 14(5):1431. https://doi.org/10.3390/build-
ings14051431

[22]	Oostwegel LJN, Jaud Š, Muhič S, Malovrh Rebec K 
(2022) Digitalization of culturally significant build-
ings: ensuring high-quality data exchanges in the 
heritage domain using OpenBIM. Herit Sci 10:1. htt-
ps://doi.org/10.1186/s40494-021-00640-y

[23]	Moyano J, Fernández-Alconchel M, Nieto-Julián JE, 
Barrera JA, Fernández-Valderrama P (2023) Integra-
tion of dynamic information on energy parameters 
in HBIM models. Int Arch Photogramm Remote 
Sens Spatial Inf Sci XLVIII-M-2-2023:1089–1096. 
https://doi.org /10.5194/isprs-archives-XLVIII-
M-2-2023-1089-2023

[24]	Currà E, Russo M, Severi L, Morganti M, Habib 
E, Grignaffini S (2020) Recupero e riqualificazi-
one integrata delle scuole del Regno a Roma. Strat-
egie di intervento energetico sostenibile. In: Cascone 
SM, Margani G, Sapienza V (eds) New Horizons 
for Sustainable Architecture – Nuovi orizzonti per 
l’architettura sostenibile. Edicom, Monfalcone, pp 
1398–1413

[25]	D’Amico A, Currà E, Di Livio P, Del Lucchese F, 
Pini A, Rognoni M (2025) BIM and Code Checking 
for School Buildings: Standard Checks for IAQ. In: 
Corrao R, Campisi T, Colajanni S, Saeli M, Vinci C 
(eds) Proceedings of the 11th International Confer-
ence of Ar.Tec. (Scientific Society of Architectural 
Engineering) Colloqui.AT.e 2024. Lecture Notes in 
Civil Engineering, vol 611. Springer, Cham, pp 249–
266. https://doi.org/10.1007/978-3-031-71863-2_16

[26]	Remiddi G, Bonavita A (2005) Guida alle scuole del 
I Municipio: il moderno attraverso Roma. Palombi, 
Roma

https://doi.org/10.1108/JEDT-02-2022-0128
https://doi.org/10.1108/JEDT-02-2022-0128
https://doi.org/10.1002/spe.3195
https://doi.org/10.3991/ijac.v8i1.4410
https://doi.org/10.3390/buildings14051431
https://doi.org/10.3390/buildings14051431
https://doi.org/10.1186/s40494-021-00640-y
https://doi.org/10.1186/s40494-021-00640-y
https://doi.org/10.5194/isprs-archives-XLVIII-M-2-2023-1089-2023
https://doi.org/10.5194/isprs-archives-XLVIII-M-2-2023-1089-2023
https://doi.org/10.1007/978-3-031-71863-2_16




TEMA: Technologies, Engineering, Materials and Architecture 12(1): 41-52, 2026

Firenze University Press 
https://oajournals.fupress.net/index.php/tema

ISSN 2421-4574 (online) | DOI: 10.36253/tema-16960 

Citation: Pastori, S., Scrinzi, G., 
Mazzucchelli, E. S., & Lucchini, A. (2026). 
A Solver-efficient Computational Fluid 
Dynamic Approach for the Thermal 
Performance Analysis of Ventilated 
Façades. TEMA Technologies 
Engineering Materials Architecture 12(1): 
41-52. doi: 10.36253/tema-16960 

Received: June 2, 2025

Accepted: July 28, 2025

Published: April 26, 2026

© 2026 Author(s). This is an open 
access, peer-reviewed article pub-
lished by Firenze University Press 
(https://www.fupress.com) and distrib-
uted, except where otherwise noted, 
under the terms of the CC BY 4.0 
License for content and CC0 1.0 Uni-
versal for metadata.

Data Availability Statement: The 
datasets used and/or analyzed during 
the current study are available from 
the corresponding author on reason-
able request.

Conflicts of Interest: The authors 
declare no conflict of interest. The 
funders had no role in the design of 
the study; in the collection, analyses, 
or interpretation of data; in the writing 
of the manuscript, or in the decision to 
publish the results.

ORCID:
SP: 0000-0002-1755-0602
GS: 0000-0002-9231-5872
ESM: 0000-0001-7722-6700
AL: 0000-0002-3717-1124

A Solver-efficient Computational Fluid 
Dynamic Approach for the Thermal 
Performance Analysis of Ventilated Façades

Sofia Pastori*, Giacomo Scrinzi, Enrico Sergio Mazzucchelli, Angelo 
Lucchini

Department of Architecture, Built environment and Construction engineering, Politecni-
co di Milano, Italy
Email: sofia.pastori@polimi.it; giacomo.scrinzi@polimi.it; enrico.mazzucchelli@poli-
mi.it; angelo.lucchini@polimi.it 
*Corresponding author

Abstract. The paper deals with the use of Computational Fluid Dynamics (CFD) for 
the thermal performance analysis and optimisation of prefabricated Timber-Concrete 
Composite (TCC) ventilated façades. TCC envelopes are composed of an internal 
insulated timber-frame wall coupled to an external concrete slab, separated by a ven-
tilated air cavity. Such systems join the properties of engineered timber (good seismic 
behaviour, low thermal conductivity, environmental sustainability, and ease of system 
integration) with those of concrete (high thermal inertia, excellent durability and fire 
resistance). There is very limited knowledge on the performance of TCC facades, espe-
cially for what concerns their thermal behaviour. For this reason, a TCC ventilated 
façade located in the north of Italy was monitored over one year, and the results col-
lected were used to calibrate and validate a CFD model. A new solver algorithm was 
developed to speed up the CFD simulations, allowing up to 45 times faster analysis 
compared to conventional solvers. Thanks to this improvement, the final model is suit-
able to be used for time-efficient thermal analysis (a full-day real-time simulation takes 
approximately 23 minutes), limiting the expensive and time-consuming construction of 
mock-ups. The CFD model developed is suitable for the thermal performance analy-
sis and optimisation of TCC ventilated facades, but also for generic ventilated facades 
with external massive cladding, both in the case of new and existing buildings.

Keywords:	 Ventilated façade, CFD, Energy efficiency, Timber-concrete composite 
façade, Building monitoring.

1. INTRODUCTION

In recent years, the construction industry has witnessed significant 
growth in the adoption of engineered timber products, both for new and 
existing buildings. This is primarily due to their good characteristics, such 
as excellent seismic performance, good thermal insulation, environmental 
sustainability and good behaviour under fire. Additionally, timber is highly 
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compatible with prefabrication processes and systems 
integration, and can be easily disassembled at the end 
of its lifecycle [1]. On the other side, its limitations are 
mainly related to its fragile stress-strain behaviour, 
hygroscopic properties and low durability if not ade-
quately protected [2].

In the realm of building envelopes, lightweight tim-
ber facades typically exhibit lower thermal inertia and 
acoustic insulation than higher-mass alternatives. On the 
other hand, massive timber solutions involve consider-
able use of virgin materials and high costs. To address 
these limitations and enhance performance in terms of 
structural behaviour, acoustic properties, fire resistance, 
and durability, timber structures are often combined 
with concrete, resulting in timber-concrete composite 
(TCC) systems [3].

TCC facades generally consist of an internal insu-
lated timber wall coupled with an external concrete slab, 
which acts as a protective barrier against adverse weath-
er conditions [4], particularly extreme events like hail-
storms and windstorms. These hybrid facades merge the 
advantages of timber – i.e., light weight, excellent thermal 
insulation, sustainability, ease of prefabrication and sys-
tems integration, aesthetic appeal – with the benefits of 
concrete – i.e., mechanical strength, high thermal inertia, 
good acoustic insulation, durability, fire resistance, appli-
cation of heavy claddings (e.g., tiles or stone) – [5].

Beyond timber-based construction, another widely 
studied topic is the use of ventilated facades and their 
advantages in terms of thermal, acoustic, and water-
tightness properties [6]. 

TCC technology can be applied to ventilated 
facades. In this case, the presence of an air cavity 
between the timber wall and the concrete slab is need-
ed to separate the external (potentially humid) concrete 
slab and the internal insulated timber wall, which must 
always be dry to prevent material degradation. 

A comprehensive evaluation of the thermal perfor-
mance of ventilated facades remains a key focus in cur-
rent research. These systems interact in complex ways 
with the external environment, necessitating experimen-
tal investigations and CFD analyses to model the airflow 
within the cavity [7]. Over the past two decades, numer-
ous studies explored the thermal behaviour of ventilated 
facades through experimental and numerical approaches 
[7-8]. Typically, these studies involve experimental moni-
toring, followed by analytical or CFD-based assessments. 
However, only a limited number of these CFD studies 
validate their findings against experimental data. Experi-
mental monitoring, barring unexpected sensor errors, 
tends to yield reliable results, but these are closely tied to 
specific case studies [9]. On one hand, analytical meth-

ods have a long-established history and are known for 
their reliability, as evidenced by numerous studies. These 
methods involve simplified processes grounded in physi-
cal correlations, whose validity has been repeatedly con-
firmed over time [10]. On the other hand, CFD simula-
tions provide a higher degree of detail, but are relatively 
new and less extensively validated, leading to greater 
uncertainties and the need for experimental validation 
[4]. One of the primary challenges in applying CFD 
techniques within the building physics domain is the 
significant computational power required [11]. This limi-
tation has historically confined CFD studies to steady-
state analyses or very short dynamic periods [12-14]. 
Despite these challenges, CFD’s ability to deliver highly 
precise information about flow fields makes it a valuable 
tool for evaluating the impact of design details in venti-
lated facades. For instance, research has examined air-
flow around venetian blinds [15], facade openings [16], 
and various shading systems [17]. 

The integration of experimental analysis and CFD 
modelling is widely regarded as the most comprehensive 
and accurate approach to evaluating the thermal behav-
iour of ventilated facades [9]. This combination was con-
sidered for the current investigation of ventilated facades 
with external massive cladding. Specifically, a TCC enve-
lope was examined, a topic with limited prior research 
[4, 18], and for which no rigorous CFD modelling stud-
ies have been identified. 

The objective of the research was to develop a solv-
er-efficient CFD model for analysing the thermal per-
formance of ventilated façades. Specifically, the first 
sub-goal was to implement the model and a novel solver 
algorithm to speed up the simulation process compared 
to conventional solvers. The second sub-goal was the 
model calibration and validation against experimen-
tal results, which were previously collected during the 
façade monitoring over one entire year [19]. 

The innovative aspect of the research is the imple-
mentation of a fast and accurate CFD model for the 
thermal performance prediction and optimization of 
ventilated facades with massive cladding, which can be 
used for new or refurbished buildings. 

2. METHODS

For the development of the CFD model, the prefab-
ricated TCC ventilated façade system in Figure 1. was 
considered. It is composed of an internal timber frame 
structure coupled with an external 50 mm thick rein-
forced concrete slab, separated by independent verti-
cal ventilated air cavities. The concrete slab has sealed 
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joints, which means that each air cavity is connected to 
the external environment only at the bottom and top of 
the façade. The height of the air cavity depends on the 
building elevation and the presence of windows and/or 
protruding slabs. 

The thermal behaviour of the TCC façade was pre-
liminary monitored experimentally, to collect all the 
data needed for calibrating the numerical model. For 
this purpose, a 3-storey building with a TCC ventilated 
envelope was built and monitored for over a year in the 
north of Italy. In this case, the ventilated façade’s height 
is equal to two storeys of the building (the ground floor 
has a different envelope system), which is the minimum 
height that allows gaining some benefits from the natu-
ral ventilation inside the cavity of the façade, according 
to the literature. The monitoring started in August 2022 
and ended in August 2023 [19]. The collected data were 
then used to set, calibrate and validate the CFD model, 
which was developed using the open-source software 
OpenFOAM [20]. All simulations were run on a comput-
er with Dual XEON 6x CPUs and 48 GB of RAM.

2.1 Geometry of the model

A two-dimensional analysis was performed to keep 
the model as simple as possible. This choice was compat-
ible with the envelope configuration, since the air flows 
through many vertical independent façade cavities char-
acterized by limited width (800 mm), hence horizontal 
air flow is negligible. For this reason, a 2D model that 
neglects the third spatial dimension was considered ade-
quate for the study purpose. The model geometry devel-
oped is shown in Figure 2. 

2.2 Physical properties of the model

The thermo-physical properties assigned to each 
material (i.e. each region) in the CFD model are report-
ed in Table 1. The materials’ characteristics were taken 
from the technical datasheets of the products used for 
the envelope.

Figure 1. Horizontal section of the TCC façade studied (units in cm). The layers are: (1) reinforced concrete slab, (2) ventilated air cavity, 
(3) OSB panel, (4) rockwool insulation (100 kg/m3), (5) timber-frame structure, and (6) OSB panel. © Pastori S.

Figure 2. Two-dimensional CFD model developed with indication 
of the solid and fluid regions. © Pastori S.
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2.3 Boundary conditions

The boundary conditions applied to the model are 
shown in Figure 3. The trends of the variables T_air,i 
(indoor air temperature), T_air,e (outdoor air tem-
perature), qr_incident (incident solar irradiation on the 
façade), and V_air,e (air velocity at the bottom inlet of 
the cavity) were taken from the experimental monitor-
ing. The values of hi (convective-radiative coefficient of 
indoor environment), he (convective-radiative coefficient 
of outdoor environment), Rse (surface resistance of out-
door environment) were taken from the Standard ISO 
6946 [21]; the values of T_outlet (air temperature at the 
top outlet of the cavity), P_outlet (air pressure at the top 
outlet of the cavity), V_outlet (air velocity at the top out-
let of the cavity) are calculated by the software during 
the simulation. 

2.4 Mesh

A mesh refinement study was developed to identify 
the best model discretization in terms of accuracy of 
the results and computational cost/time. Three meshes 

Table 1. Physical properties of the regions of the CFD model.

Figure 3. Main boundary conditions applied to the CFD model. © 
Pastori S.
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were tested by setting a simple simulation case, and the 
accuracy of the results obtained from the simulations 
was compared.

The meshes tested were:
–	 m0001_baseMesh
–	 m0002_baseMeshx1.5
–	 m0003_baseMeshx1.5x1.5

The number of cells for each mesh is equal to the 
number of the previous one multiplied by 1.5 in both 
vertical and horizontal directions. As expected, the 
results obtained show that the grid refinement produces 
slightly better accuracy, but with higher computational 
time. In this specific case, the mesh refinement does not 
produce consistent differences in the results, while the 
time needed for the computation increases considerably 
(see Table 2). For this reason, the coarser mesh (m0001) 
was chosen and used for all the simulations (Figure 4).

The first simulation (t0001) was run for 96 hours (4 
days) to evaluate the amount of time needed by the mod-
el to catch the correct temperature trends. According to 
the results, 48 hours were enough for that, thus the sec-
ond case (t0002) was run for 48 hours. The third simula-
tion (t0003) was stopped just after 24 hours due to the 
huge computational time required to end the analysis. 

2.5 The new “frozen-unfrozen flow” solver

At first, the conventional solver “chtMultiRegion-
Foam” was used. This solver allows for coupling a tran-

sient fluid flow with heat transfer between regions, buoy-
ancy effects, turbulence, and radiation. It follows a segre-
gated solution strategy, which means that the equations 
for each variable characterizing the system are solved 
sequentially and the solution of the preceding equations 
is inserted into the subsequent equation. The coupling 
between fluid and solid regions follows the same strategy: 
first, the equations for the fluid are solved using the tem-
perature of the solid of the preceding iteration to define 
the boundary conditions for the temperature in the fluid. 
After that, the equation for the solid is solved using the 
temperature of the fluid of the preceding iteration to 
define the boundary condition for the solid temperature. 
This iterative procedure is executed until convergence is 
achieved. For each fluid region, the compressible Navier-
Stokes equations are solved; for the solid regions, only 
the energy equation has to be solved. The regions are 
coupled by a thermal boundary condition. 

Starting from that, a novel solver algorithm called 
the “frozen-unfrozen flow” was developed to speed up 
the simulations, by switching the solution mode to “fro-
zen” (i.e. no update of the velocity and pressure fields, 
allowing large time steps) and “unfrozen” (i.e. solution of 
all transport equations, with normal time steps) sequen-
tially. The normal time step in the “unfrozen” mode is 
determined by the Courant number and the solid dif-
fusion numbers, while the time stepping in the “frozen” 
mode is set based on user input. Figure 5. shows the 
schematic view of this algorithm: it starts with the ini-
tial time ( and several cycles with unfrozen (red 
zones) and frozen (blue zones) mode are repeated till the 
end of the simulation. For stability reasons, a transition 
mode (grey zones) is considered when the flow mode is 
switched between “frozen” and “unfrozen”. 

2.6 Testing of the new solver

New cases were created to test the new solver perfor-
mance, varying the length of frozen and unfrozen peri-
ods of time, respectively τfrozen and τunfrozen, in a system-
atic way to explore the effect of these numerical param-
eters on the accuracy of the results (i.e. the temperature 
values obtained in the model) and the time needed for 
the computation. The new cases were compared to a 
baseline case, t0001, identical to the new ones but run 
with the old solver. Table 3 resumes the results obtained 
from the new cases. All the simulations were run for 24 
hours real time.

As expected, the simulation speed increased by 
increasing the ratio τfrozen /τunfrozen, while the accuracy 
did not appear to be inversely proportional to the speed.

Figure 4. CFD model geometry and mesh. © Pastori S.



46 Sofia Pastori et al.

2.7 CFD model calibration 

The calibration process was developed by compar-
ing the results obtained from the CFD model with the 
experimental data collected. It consisted of changing the 
physical and numerical parameters used in the model-
ling until the CFD results were aligned with the experi-
mental ones. 

For this process, the experimental data collected 
during summer days with clear sky (from the 23rd to 
the 27th of August 2022) for the south-oriented building 
façade were considered. The solver chtMultiRegionFoam 
was used for the calibration process, since the “frozen-
unfrozen flow” solver was still under development. 

2.8 CFD model validation 

After calibrating the CFD model against experi-
mental results obtained during summer days with a 

clear sky, the model was tested again considering dif-
ferent weather conditions. This process serves as model 
validation and is necessary to see whether the developed 
model also works under different boundary conditions. 
In this case, the experimental data collected during sum-
mer days with an overcast sky (registered from the 17th 
to the 21st of August 2022) were considered. The façade 
considered was again the south elevation of the building. 
For the present research objective, the validation process 
to test the model accuracy was performed considering 
only one new case. A more in-depth study should involve 
a greater number of cases for model validation, testing 
the calibrated model by changing several parameters 
(e.g. cavity depth, different weather conditions, etc.).

3. RESULTS 

In this chapter, the results obtained by running the 
CFD model developed are presented and discussed. Fig-

Mesh refinement 
Simulation Mesh Solver Time simulated Time needed for 

running 
simulation 

Temperatures 
that differ more 
than 0.2K from 
t0001 

t0001 m0001  
(7152 cells) 

chtMultiRegionFoam 96h 
(345000 s) 

67.5h / 

t0002 m0002 
(14850 cells) 

chtMultiRegionFoam 48h 
(172800 s) 

100h 
(+196% t0001) 

1.4% 

t0003 m0003  
(33075 cells) 

chtMultiRegionFoam 24h 
(86400 s) 

314h 
(+1761% t0001) 

5.7% 

 1 

Table 2. Mesh refinement study.

Figure 5. Schematic view of the new “frozen-unfrozen flow” solver algorithm. © Pastori S.
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ure 6. shows the graphical comparison between the tem-
peratures measured experimentally and those predicted 
by the calibrated CFD model. The calibrated model 
(t0116) was able to predict the façade thermal behaviour 
with a very limited error compared to the experimental 
values obtained. The error was calculated for each sur-
face of the wall as the difference between the mean tem-
perature measured experimentally on that surface and 
the one calculated on the same surface by using the CFD 
model. For the error calculation, only the last 24 hours 
of each simulation were considered to exclude inaccurate 
values due to the initialization process at the beginning 
of each CFD case. The error obtained between experi-
ment and CFD is: 0.19°C for TR, 1.3°C for TO, 0.8°C for 
TC and 0.9°C for TC_ext. Thus, the mean error between 
the values measured experimentally and those obtained 
from the CFD model is 0.8°C.

3.1 Validated model

The calibrated model (t0116) was then tested consid-
ering different boundary conditions, in order to evaluate 
the accuracy of the prediction, also for a different case. 
For this reason, a new case (t0216) was set up by chang-
ing the weather conditions to summer days with an 
overcast sky. Figure 7 shows the comparison between the 
CFD results and the experimental data. In this case, the 
error obtained between experiment and CFD is: 0.22°C 
for TR, 0.8°C for TO, 0.6°C for TC and 0.6°C for TC_

ext. Thus, the mean error between the values measured 
experimentally and those obtained from the CFD model 
is 0.6°C, slightly lower than the previous case. 

3.2 Prediction of the thermal behaviour 

After the CFD model validation, some of the input 
parameters might be changed (e.g. façade geometry, 
materials, weather conditions, etc.) to understand their 
influence on the façade’s thermal behaviour and study 
an optimised envelope configuration. 

For example, the emissivity of the OSB panel facing 
the ventilated cavity was changed, and the results were 
analysed. The objective was to evaluate and quantify the 
effect of an increased reflectivity of the inner surface of 
the ventilated cavity – that can be obtained by paint-
ing the OSB panel with a reflective paint or by placing 
a reflective foil on it – on the envelope’s thermal behav-
iour, considering summer days with a clear sky.

The comparison between the calibrated model 
(t0116) and the new case with increased ref lectivity 
(t0316) is shown in Figure 8. What can be noticed is that 
an increase from 0.2 to 0.8 in the reflectivity value can 
produce a 3°C reduction of TO maximum peaks and a 
1°C increase of the lowest peaks. The results show a 
change in the heat flux entering the building from 10 W/
m2 to -10 W/m2 over the day.

Table 3. Cases run for testing the new solver and finding the optimal settings considering the trade-off between speed and result accuracy.
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4. CONCLUSIONS

The research presented focuses on the development 
of a solver-efficient multi-region 2D CFD model for the 
thermal analysis and optimisation of ventilated façades 
with external massive cladding. The CFD model was 
calibrated and validated against the data collected dur-
ing the experimental monitoring of the timber-concrete 
composite ventilated façade of a new building located in 
the north of Italy (described in [19]). Several CFD mod-
els for the thermal analysis of ventilated façades were 
found in the literature, however they were all tested to 

study ventilated façades with thin external cladding. In 
contrast, the current research focused on the develop-
ment of a CFD model for ventilated façades with exter-
nal massive cladding. 

The model was set by using the open-source software 
OpenFOAM [20] to make it accessible to everyone. Also, it 
was developed in two dimensions to be as simple as possi-
ble and it was enhanced in terms of computational effort: 
a mesh refinement study was performed to select the opti-
mal discretization. Finally, a new “frozen-unfrozen flow” 
solver was implemented to allow faster simulations while 
still maintaining good accuracy of the results. In case the 

Figure 6. Comparison between the temperatures from the experimental monitoring and those given by the CFD model, considering a 
façade facing south and summer days with clear sky. © Pastori S.
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“frozen–unfrozen flow” solver is used, the simulations are 
much faster than using the original solver: considering 
simulations for 24 h real-time, the new solver can increase 
the speed of the simulation up to 45 times, keeping an 
acceptable margin of error in the results. This significant 
acceleration is impressive when considering the relatively 
simple modification of the algorithm. 

The calibrated CFD model obtained can be used 
to assess the thermal performance of TCC ventilated 
façades in different configurations (e.g., a different air 
cavity depth, concrete slab thickness, colour and mate-
rial of the surfaces, orientation, ventilation type, etc.), 

allowing the optimization of the building envelope solu-
tions, partially avoiding the expensive and time-con-
suming construction of mock-ups. Accurate research in 
this respect might be interesting for system manufactur-
ers, in order to further develop their products to comply 
with the different project requirements, and for design-
ers, to better choose and specify the systems to be used. 
Certainly, experiments for validation remain key for 
benchmarking a CFD model prediction. However, the 
new opportunities offered by calibrated CFD models for 
façades more than balance the efforts needed to create 
them from our perspective.

Figure 7. Comparison between the temperatures from the experimental monitoring and those given by the CFD model, considering a 
façade facing south and summer days with overcast sky. © Pastori S.
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Additionally, the study represents an important step 
towards digital twins for TCC ventilated façades, since 
the calibrated CFD model can make predictions faster 
than real-time [22]. For example, the model might be used 
together with advanced control strategies to minimize a 
building’s energy consumption. A 1:1 digital twin of the 
façade is required, which might necessitate the digitali-
zation of existing buildings. Future work might address 
these limitations, e.g., through a refined validation study 
or a sensitivity analysis with respect to the assumed 
boundary conditions to mitigate these limitations. 

At a broader level, the research aims to contribute 
to the knowledge regarding the thermal performance of 

ventilated façades composed of an internal lightweight 
wall structure and an external massive cladding.

5. AUTHORS CONTRIBUTIONS

Conceptualization, P.S.; Methodology, P.S.; Soft-
ware, P.S.; Validation, P.S.; Formal Analysis, P.S.; Inves-
tigation, P.S.; Data Curation, P.S.; Writing – Original 
Draft Preparation, P.S.; Writing – Review & Editing, 
P.S. and S.G.; Visualization, P.S. and S.G.; Supervision, 
M.E.S. and L.A.; Project Administration, M.E.S. and 
L.A.

Figure 8. Comparison between the temperatures predicted by case t0116 (calibrated CFD model) and t0316 (case with increased reflectiv-
ity of the OSB panel into the ventilated cavity). © Pastori S.



51A Solver-efficient Computational Fluid Dynamic Approach for the Thermal Performance Analysis of Ventilated Façades

6. REFERENCES

[1]	 Asdrubali F, Ferracuti B, Lombardi L, Guattari 
C, Evangelisti L, Grazieschi G (2017) A review of 
structural, thermo-physical, acoustical, and environ-
mental properties of wooden materials for building 
applications. Building and Environment 114:307–
332. https://doi.org/10.1016/j.buildenv.2016.12.033

[2]	 Vololonirina O, Coutand M, Perrin B (2014) Char-
acterization of hygrothermal properties of wood-
based products – Impact of moisture content and 
temperature. Construction and Building Materials 
63:223–233. https://doi.org/10.1016/j.conbuild-
mat.2014.04.014

[3]	 Fortuna S, Mora TD, Peron F, Romagnoni P (2017) 
Environmental Performances of a Timber-concrete 
Prefabricated Composite Wall System. Energy Pro-
cedia 113:90–97. https://doi.org/10.1016/j.egy-
pro.2017.04.024

[4]	 Pastori S, Mereu R, Mazzucchelli ES, Passoni S, 
Dotelli G (2021) Energy Performance Evaluation of 
a Ventilated Façade System through CFD Modeling 
and Comparison with International Standards. Ener-
gies 14(1):193. https://doi.org/10.3390/en14010193

[5]	 Destro R, Boscato G, Mazzali U, Russo S, Peron 
F, Romagnoni P (2015) Structural and Thermal 
Behaviour of a Timber-concrete Prefabricated Com-
posite Wall System. Energy Procedia 78:2730–2735. 
https://doi.org/10.1016/j.egypro.2015.11.614

[6]	 Patania F, Gagliano A, Nocera F, Ferlito A, Galesi A 
(2010) Thermofluid-dynamic analysis of ventilated 
facades. Energy and Buildings 42(7):1148–1155. 
https://doi.org/10.1016/j.enbuild.2010.02.006

[7]	 Giancola E, Sanjuan C, Blanco E, Heras MR (2012) 
Experimental Assessment and Modelling of the Per-
formance of an Open Joint Ventilated Façade dur-
ing Actual Operating Conditions in Mediterranean 
Climate. Energy Build 54:363–375. https://doi.
org/10.1016/j.enbuild.2012.07.035

[8]	 Ciampi M, Leccese F, Tuoni G (2003) Ventilated 
Facades Energy Performance in Summer Cooling 
of Buildings. Sol Energy 75:491–502. https://doi.
org/10.1016/j.solener.2003.09.010

[9]	 Giancola E, Sánchez MN, Friedrich M, Kalyanova 
Larsen O, Nocente A, Avesani S, Babich F, Goia 
F (2018) Possibilities and Challenges of Differ-
ent Experimental Techniques for Airflow Charac-
terisation in the Air Cavities of Façades. Journal of 
Facade Design and Engineering :34-48 Pages. htt-
ps://doi.org/10.7480/JFDE.2018.3.2470

[10]	 Gagliano A, Nocera F, Aneli S (2016) Thermody-
namic Analysis of Ventilated Façades under Dif-

ferent Wind Conditions in Summer Period. Ener-
gy Build 122:131–139. https://doi.org/10.1016/j.
enbuild.2016.04.035

[11]	 Jensen J, Bartak M, Drkal F (2007) Modeling and 
Simulation of a Double-Skin Facade System. In: 
ASHRAE Transactions 2002 - Honolulu, HI, United 
States, pp 1251-1259

[12]	 Manz H (2003) Numerical Simulation of Heat 
Transfer by Natural Convection in Cavities of 
Facade Elements. Energy Build 35:305–311. https://
doi.org/10.1016/S0378-7788(02)00088-9

[13]	 Xamán J, Álvarez G, Lira L, Estrada C (2005) 
Numerical Study of Heat Transfer by Laminar and 
Turbulent Natural Convection in Tall Cavities of 
Façade Elements. Energy Build 37:787–794. https://
doi.org/10.1016/j.enbuild.2004.11.001

[14]	 Pappas A, Zhai Z (2008) Numerical Investigation 
on Thermal Performance and Correlations of Dou-
ble Skin Façade with Buoyancy-Driven Airflow. 
Energy Build 40:466–475. https://doi.org/10.1016/j.
enbuild.2007.04.002

[15]	 Safer N, Woloszyn M, Roux JJ (2005) Three-
dimensional simulation with a CFD tool of the 
airflow phenomena in single floor double-skin 
facade equipped with a venetian blind. Solar Ener-
gy 79(2):193–203. https://doi.org/10.1016/j.sole-
ner.2004.09.016

[16]	 Sanjuan C, Suárez MJ, González M, Pistono J, Blan-
co E (2011) Energy performance of an open-joint 
ventilated façade compared with a conventional 
sealed cavity façade. Solar Energy 85(9):1851–1863. 
https://doi.org/10.1016/j.solener.2011.04.028

[17]	 Baldinelli G (2009) Double Skin Façades for Warm 
Climate Regions: Analysis of a Solution with an 
Integrated Movable Shading System. Build Envi-
ron 44:1107–1118. https://doi.org/10.1016/j.build-
env.2008.08.005

[18]	 Stazi F, Ulpiani G, Pergolini M, Magni D, Di 
Perna C (2018) Experimental Comparison 
Between Three Types of Opaque Ventilated 
Facades. TOBCTJ 12(1):296–308. https://doi.
org/10.2174/1874836801812010296

[19]	 Pastori S (2024) Timber-Concrete Composite Venti-
lated Envelope Systems. Experimental and Numeri-
cal Investigations for Thermal Performance Con-
trol and Optimization. Dissertation, Politecnico di 
Milano, Milan

[20]	 OpenFOAM (2022) OpenFOAM v2206. https://
www.openfoam.com/. Accessed 28 Oct 2025

[21]	 ISO/CEN (2017) EN ISO 6946:2017 Components 
and Building Elements—Thermal Resistance and 
Thermal Transmittance—Calculation Methods.

https://doi.org/10.1016/j.buildenv.2016.12.033
https://doi.org/10.1016/j.conbuildmat.2014.04.014
https://doi.org/10.1016/j.conbuildmat.2014.04.014
https://doi.org/10.1016/j.egypro.2017.04.024
https://doi.org/10.1016/j.egypro.2017.04.024
https://doi.org/10.3390/en14010193
https://doi.org/10.1016/j.egypro.2015.11.614
https://doi.org/10.1016/j.enbuild.2010.02.006
https://doi.org/10.1016/j.enbuild.2012.07.035
https://doi.org/10.1016/j.enbuild.2012.07.035
https://doi.org/10.1016/j.solener.2003.09.010
https://doi.org/10.1016/j.solener.2003.09.010
https://doi.org/10.7480/JFDE.2018.3.2470
https://doi.org/10.7480/JFDE.2018.3.2470
https://doi.org/10.1016/j.enbuild.2016.04.035
https://doi.org/10.1016/j.enbuild.2016.04.035
https://doi.org/10.1016/S0378-7788(02)00088-9
https://doi.org/10.1016/S0378-7788(02)00088-9
https://doi.org/10.1016/j.enbuild.2004.11.001
https://doi.org/10.1016/j.enbuild.2004.11.001
https://doi.org/10.1016/j.enbuild.2007.04.002
https://doi.org/10.1016/j.enbuild.2007.04.002
https://doi.org/10.1016/j.solener.2004.09.016
https://doi.org/10.1016/j.solener.2004.09.016
https://doi.org/10.1016/j.solener.2011.04.028
https://doi.org/10.1016/j.buildenv.2008.08.005
https://doi.org/10.1016/j.buildenv.2008.08.005
https://doi.org/10.2174/1874836801812010296
https://doi.org/10.2174/1874836801812010296
https://www.openfoam.com/
https://www.openfoam.com/


52 Sofia Pastori et al.

[22]	 Tahmasebinia F, Lin L, Wu S, Kang Y, Sepasgo-
zar S (2023) Exploring the Benefits and Limita-
tions of Digital Twin Technology in Building 
Energy. Applied Sciences 13(15):8814. https://doi.
org/10.3390/app13158814

https://doi.org/10.3390/app13158814
https://doi.org/10.3390/app13158814


TEMA: Technologies, Engineering, Materials and Architecture 12(1): 53-63, 2026

Firenze University Press 
https://oajournals.fupress.net/index.php/tema

ISSN 2421-4574 (online) | DOI: 10.36253/tema-16958 

Citation: Leporelli, E., Martino, M., 
Porcari, V., Santi, G., & Tayybbi, A. (2026). 
Sustainable Strategies for Knowledge 
of Built Heritage: Graphic Methods 
for Vaulted and Arched Masonry 
Structures. TEMA Technologies 
Engineering Materials Architecture 12(1): 
53-63. doi: 10.36253/tema-16958 

Received: June 22, 2025

Accepted: November 4, 2025

Published: April 26, 2026

© 2026 Author(s). This is an open 
access, peer-reviewed article pub-
lished by Firenze University Press 
(https://www.fupress.com) and distrib-
uted, except where otherwise noted, 
under the terms of the CC BY 4.0 
License for content and CC0 1.0 Uni-
versal for metadata.

Data Availability Statement: The 
datasets used and/or analyzed during 
the current study are available from 
the corresponding author on reason-
able request.

Conflicts of Interest: The authors 
declare no conflict of interest. The 
funders had no role in the design of 
the study; in the collection, analyses, 
or interpretation of data; in the writing 
of the manuscript, or in the decision to 
publish the results.

ORCID:
EL: 0000-0002-8112-2266
MM: 0000-0001-7985-2625
VP: 0000-0001-7516-8105
GS: 0000-0001-7410-4900
AT: 0009-0000-2503-0650

Sustainable Strategies for Knowledge of Built 
Heritage: Graphic Methods for Vaulted and 
Arched Masonry Structures

Emanuele Leporelli1,*, Massimiliano Martino1, Vito Porcari2, Giovanni 
Santi1, Abdelghami Tayybbi3

1 Department of Energy, Systems, Land and Construction Engineering (D.E.S.T.eC), Uni-
versity of Pisa, Italy
2 Department of European and Mediterranean Cultures, University of Basilicata, Italy
3 National School of Architecture of Marrakech (ENAM), Morocco
Email: emanuele.leporelli@ing.unipi.it; m.martino@ing.unipi.it; vito.porcari@unibas.
it; giovanni.santi@unipi.it; atayyibi@gmail.com
*Corresponding author

Abstract. Traditional materials and construction techniques are of central importance 
for knowledge and, subsequently, the protection of existing building heritage, includ-
ing historical and monumental sites. The evaluation of the static consistency of exist-
ing structures can be carried out in a coherent and accurate manner only by start-
ing from an in-depth knowledge of the geometric, physical and mechanical charac-
teristics of the building’s structural elements. In recent years, we have witnessed an 
exponential increase in the use of advanced technologies for graphic representation 
and subsequent structural analysis, especially in the study of existing buildings. For 
a real and concrete application of the results, these representations must be critical 
and functional for understanding the building rather than merely serving as graphic 
virtuosity. In this framework, the graphic methodologies to be applied, in support of 
digital data, in simplified procedures for a preliminary knowledge of the buildings, 
their technological configuration and static behaviors have been studied in depth. It 
is important to point out that the historic built heritage, unlike the modern built her-
itage, is characterized by the strong presence of vaulted and arched elements, with 
columns and piers of various shapes and materials; for this reason, models and proce-
dures of graphic analysis based on the limit analysis and the theories of Jacques Hey-
man have been applied. The method is first applied and verified on a single historical 
monumental building to test its limits and potential and then applied to other case 
studies. The results show that the graphical and analytical analysis of structures is a 
valid and reliable tool for analyzing buildings in order to understand their structural 
behavior, since, even if the model is simplified, it is possible to obtain results that are 
strongly correlated with the behaviors of the structures and can guarantee good accu-
racy and adequate safety margins.
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tion techniques.
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1. INTRODUCTION

The culture of the valorization and preservation of 
Cultural Heritage, or in general of building recovery, has 
always recognized the “built environment” as the bearer 
of a quantity of Values that are defined but changeable 
according to the historical epoch with respect to this, it 
is necessary to define decisions on the possibilities of 
intervention in order to respond to the continuous and 
constant need for maintenance and also transformation 
of this heritage [1]. In recovery, reuse and refurbishing 
projects, the impact of modernity can also take on 
destructive aspects. There are several studies from which 
the need to address recovery emerges, refunctionalisa-
tion and infrastructural integration, through an under-
standing of the urban environment and the opportunity 
to define a cultural guideline, a sort of code of behavior 
that allows for the re-inhabitation of this architectural 
heritage. Bringing the structures back to life in accord-
ance with the requirements of modern living, without 
altering their consolidated characteristics over time, with 
interventions correlated to the original constructive, 
typological, functional and technological characteristics, 
is indispensable, but at the same time, particular atten-
tion must be paid to the integration and sustainability of 
the new interventions [2]. In this cultural context, the 
analysis of existing structures, in particular historical 
and monumental buildings, in general implies confron-
tation with masonry constructions, made of a material 
in which a resistant structure is often not clearly recog-
nizable. This depends on the building’s geometry, the 
distribution of stiffnesses and masses within it, the tem-
poral succession of construction works and subsequent 
modifications, the acting loads, and sometimes the pres-
ence of structural cracks and material damage, which 
may be more or less evident [3]. In these fields, the study 
and numerical modeling of the structure, also of the 
FEM. type, cannot be separated from analysis tools that 
allow us to describe it through a first decomposition and 
subsequent independent schematization of single parts 
of the construction (arches, vaults, piers, walls, etc.), oth-
erwise the instrument of critical control of the results 
would be missing. The analysis of the static condition of 
existing structures and historic and monumental build-
ings can therefore only be conducted consistently and 
correctly based on a thorough knowledge of the geomet-
ric, physical and mechanical characteristics of the build-
ing’s structural elements [4]. The latter consists of build-
ing materials and techniques that vary considerably in 
relation to both the geographical area and the era of 
construction, as well as the various historical stratifica-
tions. Consider also the difficulty in representing and 

managing the large and complex knowledge related to 
the non-geometrical aspects of the historical heritage 
with the problems related to meeting the requirements of 
semantic representation of the built heritage [5]. For this 
reason, they must be evaluated on a case-by-case basis 
with a careful examination of the building in its entirety 
through geometric measurements, surveys, and non-
destructive testing [6]. Researching, investigating and 
discovering what the orders and rules of good building 
are, is a subject that has been addressed in the debate of 
the scientific community, but it proves to be more topical 
than ever if we consider, in Italy alone, the wide diffu-
sion and peculiarity of building techniques, autochtho-
nous materials, specificity of workers, unique to urban 
contexts that are never standardized, such as historic 
centers. In such diversity, difficult to standardize, the 
meaning of intervening “according to the rules of the 
art” acquires the meaning of “doing with care and preci-
sion”, following dimensional, constructive and formal 
language rules dictated in some cases also by a compo-
nent of indeterminacy, the result exclusively of man’s 
need for survival [7]. Within this debate, therefore, an 
attempt is made to establish the definition of a “method-
ological strategy” that can connect the recovery inter-
vention essentially aimed at the reinterpretation of pre-
existing structures, with a reading of historical forms 
and materials. The pivot around which the entire discus-
sion revolves is the definition of a method for transfer-
ring knowledge from the past to meet the demands of 
the present, while considering future demands and 
needs. A suitable methodological approach, therefore, is 
the key to ensuring the processual continuity of the built 
heritage. This approach allows us to interpret and read 
the existing building heritage in the light of contempo-
rary needs; millennial history must confront the 
demands of the current lifestyle. It is therefore important 
to continue to implement and develop different method-
ological approaches that propose, in addition to preserv-
ing the image of pure matter, innovative formal and 
technological solutions starting from the basics of static 
knowledge of masonry constructions, tackling, in a sim-
ple and innovative way, the study of the behaviour of 
both the most important monuments and the most com-
mon works, in a unitary vision that crosses engineering 
and architecture [8]. In this perspective, knowledge of 
the artifact as an object of analysis must be obtained by 
exploiting all the most modern and advanced technolo-
gies, such as the use of drones, 3D laser scanners, etc., 
aimed at the most complete and comprehensive graphic 
rendering possible. However, at the same time, such rep-
resentations must be both critical and functional to the 
understanding of the artifact, rather than merely a dis-
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play of graphic virtuosity. From another perspective, the 
widespread use of finite element models, facilitated by 
the characteristics of increasingly prevalent IT tools, 
requires particular attention and care. The modeling of 
existing buildings, and of those in masonry with histori-
cal and monumental interest, is indeed very complex, 
especially in relation to the possible schematizations for 
the realization of the model and the choice of the 
mechanical characteristics of the materials. Based on 
geometric and dimensional measurements, even if car-
ried out with high accuracy, it is of fundamental impor-
tance to thoroughly investigate the building and increase 
its knowledge, both in order to create a mathematical 
model congruent to the behavior of the structures, to 
correctly interpret it, and to verify the results. For each 
structural element, the geometry and nature of the mate-
rials must be known, because only this can allow obtain-
ing a first configuration that is essential for a full under-
standing of the overall static functioning of the building. 
This process of first approach, so indispensable for the 
real and complete knowledge of the artifact, is effectively 
realized through analysis using graphic methods, based 
on the limit analysis and the theories of Jacques Heyman 
[9-10]. As further study, if necessary, through subsequent 
steps, it is then possible to arrive at the finite element 
(FEM) modeling of both the individual elements and the 
whole structure, in a critical way, ensuring a check of the 
input and output data, to reduce the risk of incorrect 
interpretations of the results of the mathematical model. 
To test the potential and limits of the proposed graphic 
method, it was applied in advance to a case study that 
was well-suited to the purpose. A historical building in 
ordinary, regular and compact load-bearing masonry 
was analyzed, which presented typological, constructive 
and structural elements, typical of historical buildings 
such as arched structures, i.e. vaults and arches, piers, 
metal chains, etc. The chosen artifact also proved to be 
very suitable both for the applications of Heyman’s theo-
ries and for detailed and meticulous FEM finite element 
modeling. The choice went to the “Logge di Banchi” in 
Pisa, Italy. The graphic method, once validated through 
the case study, was then applied as part of a broader, 
international, multidisciplinary research project to the 
monumental gate called “Bab Agnaou” of the historic 
walls of the city of Marrakech in Morocco.

2. METHODS

The proposed approach for understanding and 
analysis of masonry structures with vaults and arched 
structures consists of the following steps. Starting from 

the basis of global and local geometric measurements, 
the buildings must be studied in depth to increase their 
knowledge. For each structural element, the geometry, 
nature of the materials and the constructive technique 
must be studied. In particular, the constructional logic 
of vertical structures (walls and masonry fixtures), hor-
izontal pusher structures (arches and vaults in mason-
ry) and non-pushing (wooden roof slabs) must be stud-
ied. Based on these analyses, the first framework for 
understanding the overall static functioning is possible 
to obtain. Moreover, it is possible to identify the struc-
tural elements to be analyzed in detail successively. In 
this phase of knowledge about the building, the pres-
ence of structural damage and degradation phenomena 
could be investigated. The analysis of the structural 
elements is carried out using graphic methods based 
on limit analysis and on the theories of Jacques Hey-
man. To conduct the graphic analysis, the structure 
must be decomposed by identifying its significant mod-
ules. It’s important to highlight that, in line with Hey-
man’s hypothesis, the path of analysis of the structure 
proposed is based on a model with non-reactive tensile 
masonry. The masonry has a tensile strength that is 
not considered in this type of modeling. A simplifica-
tion is therefore carried out, which, however, is in favor 
of safety. It is considered an ultimate limit state, but in 
reality, considerable resources of the structure given by 
the real tensile strength of the masonry are neglected. 
Moreover, more specifically regarding the analysis of 
masonry arches, it is useful to underline that, in addi-
tion to considering them free of tensile strength, we 
consider them as free in space. In reality, they are con-
strained in the vertical plane by the masonry, which 
prevents changes in shape and, therefore, the onset 
of instability phenomena, which are the main causes 
of the collapse of arched and vaulted structures. This 
allows the arch to have almost infinite compressive 
strength, limited only by the crushing resistance of 
the material, as seen in Heyman’s hypothesis [11-13]. 
As far as the vaulted structures are concerned, even if 
in a minor way, they are limited in the shape change 
from the backward, which, if it is of good workmanship 
and of suitable materials, is very effective. Moreover, 
in the analysis of the vault, carried out in sectors, the 
contribution that each sector offers to the other and the 
global contribution that their union offers is neglected. 
From the above, it is clear that the results obtained 
from the previous analyzes are useful for understand-
ing the behavior of the structural elements, operating 
strongly in favor of safety [14]. 
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2.1 Analysis of structures from graphic-synthetic to FEM 
methods: case study “Logge di Banchi” in Pisa

The complex of the “Logge di Banchi” in Pisa (Fig-
ures 1-2) is placed at the center of the city, on the his-
torical commercial axis where the palaces of political 
and administrative life are located. The current con-
figuration of the “Logge di Banchi” is the result of the 
succession of various transformative interventions that 
occurred during the 400 years of the building’s life. It 
consists of three main parts: (1) the ground floor con-
sisting of the Lodges built in 1603, presumably based 
on a design by Bernardo Buontalenti, (2) the first floor 
partly made up of the original 17th-century first floor, 

which was later transformed and raised in 1865 by the 
architects Cervelli and Piccoli called “State Archives” 
and (3) the basement floor built in the early twentieth 
century and named “Albergo Diurno Cobianchi”. The 
ground floor is preserved intact in the structures and 
architectural elements that characterize it; the plan is 
rectangular, measuring approximately 33 × 19 m, with a 
height of 22 m [15].

2.2 Analysis of structures with graphic-synthetic methods

Each internal module (Figure 3), enclosed between 
the four separately tested stone reinforcement arches, 

Figure 1. “Logge di Banchi” in Pisa. Façade view and internal view of the loggia.

Figure 2. Technical Drawings of “Logge di Banchi”. Front and back elevation - Cross and longitudinal section.
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formed by a lunette barrel vault, has been divided into 
6 equidistant parts with a width of about 45 cm. Due 
to this schematization, each lunette is divided into six 
sectors, and the barrel vaults are divided into 12. Also, 
for stone and masonry arches, a graphic and analytical 
analysis was carried out for the determination of the 
stress states. Piers constituting the lodges can be clas-
sified, according to their position and geometric struc-
ture in plan, into three main types: “L”, “I”, and “T”. For 
each type of pier, the rays and the relative central ellipse 
of inertia and the central inertial core were determined 
through graphic and analytical methods. For each 
strip, the graphic analysis was carried out by obtaining 
a funicular polygon of forces such as to be as close as 

possible to the arch axis line and in any case contained 
within the arch. (Figure 4).

2.3 FEM analysis of partial and global models

Based on the analysis of the structures with syn-
thetic graphical methods, then the creation of a model 
FEM of the same structures has been realized. The stress 
and deformation states of the elements have been inves-
tigated in relation to the hypotheses made, through vari-
ous schematizations of load application, boundary con-
straints, and types of FEM elements used for modeling 
the different types of structural elements. The numeri-
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Figure 3. Plan of the “significant module”.

Figure 4. Search for the “A2” arch pressure line.
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cal analysis of the structures was performed with the 
“Straus 7” [16]. The construction of the finite element 
model has been realized, without the aid of “auto mesh 
functions”, directly constructing every structural ele-
ment (arches, vaults, springers, walls, etc.) based on geo-
metric measurements, observations and considerations 
made in situ. In the model, only the above-ground struc-
tures were represented, leaving out the foundation struc-
tures but schematizing their constraints (Figure 5).

2.4 Case study “Bab Agnaou in Marrakech” (Morocco)

The simplified graphic method, studied, analyzed 
and validated with FEM analysis in the case study of 
the “Logge di Banchi” in Pisa, has been applied, at an 
international level, to the Bab Agnaou, a monumen-
tal gate that is part of the historic walls of the ancient 
Medina of Marrakech (UNESCO site), Morocco. The 
study presented here is a synthesis of a much broader 
research carried out within the framework of an agree-
ment between Department of Energy, Sys-tems, Land 
and Construction Engineering of the University of Pisa 
(D.E.S.T.eC) and École Nationale d’Architecture de Mar-
rakech (ENAM) signed since 2018 to develop joint stud-
ies in the field of Architecture, Urban Space and Tech-
nological Development. Bab Agnaou (Figures 6-7) is one 
of the best-known monumental gates in Marrakech and 
its construction is attributed to the Almohad caliph Abu 
Yusuf Ya’qub al-Mansur and was completed around 1188 
and 1190. The gate was the main public entrance to the 
Royal Kasbah (citadel) in the southern part of Medina. 
The function of the gate was primarily decorative, given 

its location already inside the city walls and was origi-
nally flanked by two bastion towers crowned with mer-
lons [17-19]. 

The passage inside was a bent entrance passing 
through a large, vaulted vestibule. The flanking tow-
ers and the covered vestibule, however, have since dis-
appeared, and the archway of the gate has been partly 
filled in with a smaller and simpler brick arch. Since its 
construction in the 12th century, the gate seems to have 
undergone fairly frequent restorations (Figure 8), three 
of which are archived: a) the restoration of the eight-
eenth century, during the reign of Sultan Sidi Moham-
med Ben Abdellah (1757-1790) in which the arch of the 
gate opening was reduced in width and height; b) the 
restoration in 1930 during the French protectorate; c) 
the restoration in 1960 which only proofs left are photos 
and testimonies of former craftsmen [18]. 

Bab Agnaou, with its sumptuous stone decora-
tion, consists of 4 successive semicircular arches, which 
appear to be superimposed on each other (Figure 9). It 
is also very common in mosques to have a purely ori-
ental arch in which the two semi-arches extend down-
wards below the plane of the centres. The analysis 
procedure proposed for the case study of the “Logge 
di Banchi” in Pisa was also applied to the arch in ques-
tion. The load-bearing brick arch was analysed in detail, 
assuming it, for the sake of safety, as a support for the 
structures above. Operationally, for the graphic analysis, 
the arch was schematised as a round arch, (radius 1500 
mm) and subsequently divided into 30 ashlars, with 5 
mm joints (Figure 10).

Figure 5. Exemplary representation of the FEM model of the “local significant module” (axonometric view of structural elements, loads and 
nodes) and “global model” (axonometric view of the structural analysis results - ZZ stresses).

http://D.E.S.T.eC
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3. RESULTS

The results obtained in the research can be divid-
ed into two parts, one for each of the two case studies 
analyzed. In detail, we can make a first, more theoreti-
cal and in-depth consideration on the Pisa case regard-
ing the proposed simplified method, and a second, more 
practical and expeditious one regarding the possible 
applicability in a more operational field. With reference 
to the case study of the “Logge di Banchi” in Pisa, it is 
possible to observe that, comparing both the qualitative 
and the numerical results obtained both with the graphi-
cal and analytical analyses and with the FEM analyses, 
we note good correspondence, even if with slight dif-
ferences due to the schematizations carried out in both 
types of analysis. The main source of the differences in 
the results of the two types of analysis is the schemati-
zation of the constitutive bond of the masonry mate-
rial; in graphical analysis, masonry is schematized as a 
non-resistant linear elastic material, and in the finite ele-
ment analysis, the material is schematized as linear elas-
tic but also endowed with tensile strength. These results 
represent the two extremes or the lower and upper lim-
its within which will certainly be understood the real 
behavior of the masonry, of the structural elements, 
and of the global structure, being the masonry material 
endowed with one, even if minimal, tensile strength.

Analyzing these results in detail, however, some sin-
gularities can be fully justified based on the aforemen-
tioned premises; in particular, a difference in the stress 
state of the chains is observed, higher in the FEM analy-
sis compared to the graphical analysis. This is presuma-
bly due to the different stiffness of the structures and the 
contributions taken into consideration, or better depends 
on the fact that in the graphic analysis the acting forces 
are determined by analyzing the vaulted structures by 
sectors, separated from each other, the separated arcs, the 
walls applied as separate loads and then added together 
but without taking into consideration the mechanical 
loads that are actually present between them. The FEM 
model also takes into account this interaction between 
structural elements and their portions, although consid-
ering the material as having tensile strength, and there-
fore slightly modifying the results. Moreover, the span-
drel of the vaults is, in the first case, considered as a load 
on the structures, while in the second case, although 
equipped with different stiffnesses to limit the effects, it 
is an integral part of the structures and therefore consid-
ered both as a weight and a structure interacting with the 
vaults. In conclusion, we can consider the global model 
faithful to the expected behavior of the structure only if it 
is interpreted in light of the previous considerations. 

Regarding the findings from the case study of Bab 
Agnaou in Morocco, however, we can say that the graph-

Figure 6. Location of Bab Agnaou and historical periods of the gates on the left, and other places of interest on the right.
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Figure 7. Façade, plant and the axonometry view of Bab Agnaou gate.

Figure 8. Bab Agnaou gate after the end of the renovation.
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ic method, with its potential and limits as tested and 
highlighted in the case study in Pisa, is easy to apply 
when inserted within a study of artifacts. By apply-
ing traditional cognitive methods, historical analysis, 
geometric survey, material analysis and degradation, 

etc., the graphic analysis, rapid and expeditious, con-
stitutes a further useful element of knowledge that pro-
vides elements both in terms of seismic vulnerability 
and the degree of static safety of the structures. From 
this enriched cognitive framework, useful elements can 
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 7 

Figure 9. Analysis of the construction materials and decorations, top. Degradation analysis map, bottom.
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emerge more clearly for the planning of possible future 
interventions on the artifact, both for reuse and refunc-
tionalisation and for management and scheduled main-
tenance.

4. CONCLUSIONS

On the basis of the above considerations, it is possi-
ble to draw some general conclusions regarding the meth-
ods of investigation and analysis used in this case study. 
The analysis of the static consistency and of the eventual 
evaluation of the seismic vulnerability of the existing 
structures, in particular of the historical and monumen-
tal buildings, can be carried out in a coherent and correct 
way only starting from a deep knowledge of the history 
and of the geometric, physical and mechanical charac-
teristics of the structural elements. To obtain this, a pre-
liminary and in-depth knowledge of the building in its 
entirety is necessary, through historical documentation, 
geometric measurements, investigations, tests, etc.

Being able to read the supporting elements, mak-
ing their schematization and the consequent modeling 
is often very complex and challenging to interpret. On 
the contrary, through the use of graphic-synthetic and 
analytical methods based on the method of limit analy-

sis and the theories of Jacques Heyman, it is possible to 
obtain a first detailed picture of the building. It allows 
access to understanding the functioning of structures, 
starting from the main elements such as arches, vaults, 
springers, and walls, to gain a comprehensive under-
standing of the structure as a whole. Therefore, the use 
of graphical and analytical analysis is not only an excel-
lent tool for assessing the static consistency of structures, 
with the advantages and limitations illustrated above, but 
also and above all an excellent tool for the knowledge of 
monumental historical building artifacts, even in the case 
of complex constructions. In a second phase, through 
a finite element analysis, all results obtained through 
graphic and analytical procedures is analyzed to investi-
gate local phenomena and behaviors that are difficult to 
analyze using only a global model. Starting with consid-
erations and evaluations based on rigorous graphical and 
analytical analysis of the structures, FEM with particular 
levels of detail can be realized, aimed at local investiga-
tions on even complex buildings. It is objectively difficult 
in structures such as the structure under study to analyze 
all global and local aspects with a single FEM model as 
modeling very complex and not easy to implement both 
from the point of view of the creation of the model (ele-
ments to be modeled, hierarchy of structures, etc.), and 
from the point of view of the interpretation of the results 

Figure 10. Analysis of the arch of Bab Agnaou gate with the graphic method.
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obtained. From this perspective, the graphic and ana-
lytical analysis of structures represents a valid and reli-
able tool for analyzing buildings and investigating their 
structural behavior, serving as a starting point for further 
and more sophisticated analyses, both local and global. 
Finally, it should be remembered that the above graphi-
cal methods of analysis are applied in the context of a 
series of hypotheses about the materials, the constitutive 
bonds, the structural behaviors and the rupture mecha-
nisms that are clearly in favor of safety. Based on these 
considerations, this method makes it even more interest-
ing because, in the face of simplifications on the model, 
it’s possible to obtain results that are both strongly cor-
related with the behavior of the structures and able to 
guarantee good precision and adequate safety margins. 
By enriching traditional methods of building knowledge 
with simplified and rapid graphic analysis methods, a 
further useful element of knowledge is constituted, pro-
viding valuable information for planning interventions 
aimed at both reuse and refunctionalization, as well as 
management and scheduled maintenance.
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Abstract. Monitoring architectural heritage is a crucial step in the planning of proper 
conservation strategies and resource allocation. Current protocols rely on periodic, 
though infrequent, expert-led inspections, which assess the state of conservation of 
heritage assets and inform intervention priorities. However, public perceptions, which 
may suggest alternative courses of action, are seldom considered. This study pro-
poses an innovative methodology integrating public feedback into heritage monitor-
ing via Natural Language Processing (NLP). The framework, applied to ‘70s heritage 
sites in Italy’s Marche region, integrates Aspect-Based Sentiment Analysis (ABSA) and 
Aspect-Based Emotion Analysis (ABEA) to systematically analyze user-generated con-
tent, identifying heritage-related aspects and classifying sentiment (positive, negative, 
neutral) and emotions (e.g., joy, anger) from Google Maps reviews. Heritage-specific 
targets were first identified in user reviews using spaCy-based tokenization. Sentiment 
classification (positive, negative, neutral) was performed using a pre-trained Bidirec-
tional Encoder Representations from Transformers (BERT) model, while emotions 
(joy, anger, sadness, fear) were identified using the FEEL-IT algorithm. User percep-
tions were effectively retrieved, revealing a generally positive sentiment and joy as the 
most dominant emotion. This approach enables large-scale monitoring based on con-
tinuously updated user feedback, which can be integrated into current monitoring pro-
tocols to adopt a more comprehensive decision-making approach.

Keywords:	 Architectural heritage, Heritage monitoring, Resources allocation, User 
sentiment, User emotion.

1. INTRODUCTION

Monitoring architectural heritage is essential to guarantee proper knowl-
edge to inform decision-making and the allocation of financial resources 
for conservation interventions. Continuous surveillance allows for the early 
detection of potentially critical issues, enabling timely, targeted actions. Strat-
egies that adopt a preventive rather than curative approach help avoid delayed 
restoration efforts, which often fail to address underlying issues and require 
substantial public funding [1].
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Currently, monitoring protocols are managed by 
public administrations, which rely on experts to assess 
the state of conservation of heritage buildings through 
structured reports. Their evaluations constitute the base 
knowledge for stakeholders responsible for decision-
making [2]. 

However, these documents often fail to reflect the 
actual status of the assets and become outdated as soon 
as they are compiled. This is not only due to the evolu-
tionary nature of the built environment, but also to the 
infrequent site inspections by technicians.

Although seldom considered, the potential of strate-
gies that involve end-users in monitoring and planning 
actions has been explored and supported by several 
studies and directives [3]. In fact, involving the general 
public not only fosters a democratic approach but also 
offers a more comprehensive perspective, highlighting 
overlooked issues or suggesting alternative courses of 
action for decision-making. Moreover, public engage-
ment also provides an opportunity to monitor the out-
comes of actions taken (or not taken) in heritage conser-
vation and management.

Heritage architecture is a topic of widespread inter-
est among the public, whose opinions are frequently 
reported on social media platforms in the form of short 
texts, comments, or reviews. The internet thus serves as 
a large and dynamic repository of unstructured data, 
which is continuously updated and provides near-real-
time and unbiased information. Thanks to Artificial 
Intelligence (AI) technologies, and in particular to Nat-
ural Language Processing (NLP) techniques, it has now 
become possible to exploit this huge amount of user-gen-
erated content [4]. 

Increasingly popular applications of NLP are repre-
sented by Sentiment Analysis (SA) and Emotion Analysis 
(EA). SA, also called Opinion Mining, is the computa-
tional study of people’s opinions, allowing for the detec-
tion of sentiment orientation (positive, negative or neu-
tral) or sentiment intensity (e.g. sentiment polarization 
on a scale from 1, most negative, to 5, most positive). 
EA provides more detailed insights, detecting and clas-
sifying user emotions into distinct classes (e.g. joy, anger, 
sadness and fear, but they can vary depending on the 
adopted psychological model) [5-6]. 

Although widely used to assess user satisfaction 
in products and services, SA and EA have seen lim-
ited application in the construction sector, where they 
remain in their early stages.

For instance, D’Orazio et al. [7] employed differ-
ent SA models to process user-generated reports from a 
computerized maintenance management system for a 
stock of university-administrated buildings and to define 

an intervention priority scale. A comparative analysis 
of the models’ efficiency was performed, and the poten-
tial of such tools for this kind of tasks was confirmed. 
In a subsequent study, D’Orazio et al. [8] used a similar 
approach to prioritize maintenance requests, but includ-
ed EA to categorize perception into joy, anger, fear and 
sadness categories, providing deeper insights. 

In the context of heritage architecture, Rosin et al. 
[9] applied the SA model VADER (Valence Aware Dic-
tionary for Sentiment Reasoning) [10] to online user 
reviews of the maritime museums network Arca Adri-
atica, examining how visitors’ feedback could enhance 
management strategies. Mendes et al. [11] proposed 
instead the use of VADER to process Tripadvisor reviews 
of two Iberian monuments, identifying triggering factors 
of negative sentiment; the study revealed that mainte-
nance actions restricting access to the site constitute the 
main cause of dissatisfaction among tourists.

SA can be performed at different levels. Ginzarly et 
al. [12] applied SA at the sentence level to the TripAdvi-
sor reviews of two Monuments in Lebanon to categorize 
their perception as positive or negative and thus pro-
vide insights on cultural values and attributes expressed 
by users. Valdivia et al. [13] detected the sentiment 
polarity for three Spanish monuments by applying an 
Aspect-Based Sentiment Analysis (ABSA) on Tripadvi-
sor reviews, identifying negative aspects and issues that 
required intervention by cultural managers.

While document level SA detects the overall sen-
timent for a document, and sentence level SA for a sin-
gle phrase, ABSA aims at identifying what users exactly 
appreciate or not [5]. Within a document – or even a 
single sentence – multiple thoughts may actually be 
expressed (e.g. the sentence “The museum has fascinat-
ing exhibits, but the staff is unhelpful” conveys a positive 
sentiment for the aspect “museum”, but a negative one for 
“staff”). Focusing the SA and EA on the selected target is 
crucial for obtaining reliable results. ABSA still represents 
a challenging field for research, due to the complexity 
of linguistic structures, such as sentences which present 
negations or which are factual but still imply opinions. 
Additionally, the lack of sufficient domain-specific train-
ing data constitutes further difficulties.

A proper revolution in the field came with the intro-
duction of pre-trained models based on transformer 
technology: among them, it is recalled BERT (Bidirec-
tional Encoder Representations from Transformers) lan-
guage model [14]. Introduced by Google in 2017, BERT 
uses an encoder based on self-attention mechanisms and 
incorporates Masked Language Modelling (MLM) and 
Next Sentence Prediction (NSP), which enhanced the 
comprehension of word relationships and of the gener-
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al context. Its versatility allows for fine-tuning across a 
range of tasks, including SA.

The advancements hereby presented offer just a brief 
glimpse into the potential of applying SA and EA tools 
to user-generated content related to architectural herit-
age, which currently lacks well-defined frameworks or 
methodologies [15]. 

This study aims to present a novel methodology 
which leverages pre-trained BERT-based models to per-
form ABSA and EA on user-generated reviews concern-
ing architectural heritage. The results will provide an 
overview of user perceptions of the assets which are not 
influenced by non-architectural aspects (e.g. the function 
of buildings), and deeper insights will be given by the 
detection of conveyed emotions. The presented approach 
intends to offer a novel monitoring strategy which is 
more comprehensive and can complement current proto-
cols and favor public engagement.

This paper is structured as follows: Sect. 2 describes 
methods, starting from the illustration of the proposed 
methodology (Sect. 2.1) and a description of the case 
study selected to test it (Sect. 2.2); Sect. 3 presents data 
resulting from the analysis along with its discussion; 
Sect. 4 concerns conclusions and future possible implica-
tions of the present research.

2. METHODS

2.1 Aspect-Based Sentiment and Emotion Analysis method-
ology

The proposed Aspect-Based procedure for SA and EA 
was tested on user-generated textual reviews from Google 

Maps related to heritage sites in Italy’s Marche region. This 
dataset provides the basis for demonstrating the frame-
work’s applicability. Information regarding the selection of 
heritage sites and the collection of user-generated content 
will be described in greater detail in Section 2.2.

The methodology can be synthesized in three phases 
(Figure 1), which are briefly described here and will be 
detailed in the following sections:
1.	 Heritage target detection (Sect. 2.1.1): the NLP model 

spaCy was employed to detect words (tokens) within 
the text of reviews related to the heritage domain. 
These tokens represented the targets for the aspect-
based analysis, enabling the recognition of segments 
of sentences to be processed by SA and EA algo-
rithms.

2.	 Sentiment Analysis (Sect. 2.1.2): a pre-trained BERT 
model was employed for the SA of the previously 
identified segments of reviews’ sentences. Sentiment 
scores of pieces of text were aggregated to obtain a 
single score for the analyzed heritage item.

3.	 Emotion Analysis (Sect. 2.1.3): the FEEL-IT [16] 
model was used to provide further insight on senti-
ment polarity and categorize segments into emotion 
classes (joy, anger, fear, sadness).

2.1.1 Heritage target detection

Two key steps characterize this phase: (i) identifying 
heritage-related tokens in the review texts, and (ii) isolat-
ing sentence segments containing these tokens. 

To this aim, the use of the Python library spaCy was 
chosen [17]. SpaCy is an NLP library which supports 
more than 75 languages, including Italian, the language 
used in the analyzed reviews. One of its main features 
consists of breaking texts into basic units (tokens) and 

Figure 1. Representation of the three main phases at the base of the proposed methodology. © 2025, D’Orazio et al.
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assigning a label (noun, adjective, etc.) to each through 
Part of Speech (POS) tagging. 

By leveraging this function, words representing 
subjects or direct objects of sentences were detected, as 
they typically correspond to the parts of sentences most 
closely associated with opinions. The combination with 
the default Python module Collection allowed for the 
creation of an ordered list of terms, from the most to 
least frequent. The final selection of items followed these 
criteria: (i) architectural heritage related words or its 
physical surroundings (e.g. “gardens”); (ii) terms refer-
ring to immovable works of art or historically significant 
furnishings that contribute to the site’s value (e.g. “sculp-
tures”, “altars”); (iii) terms associated with user experi-
encing the sites (e.g. “visit”).

The identified terms served as targets to identify the 
parts of the review sentences to be isolated for later anal-
ysis. The boundaries of these segments were defined by 
the presence of punctuation marks or conjunctions (POS 
tagging identified), as these usually represent the borders 
of completed thoughts.

This passage allowed isolating parts of reviews relat-
ed to heritage topics in the text (Table 1). 

2.1.2 Sentiment Analysis

The SA processing of the previously identified sen-
tence segments (Sect. 2.2.1) was performed using the 
pre-trained model BERT-base-multilingual-uncased-
sentiment [18] from the Hugging Face platform. As the 
name itself suggests, the main features of the model 
are its capability to support multiple languages, includ-
ing Italian, and to be unaffected by the use of uppercase 
or lowercase characters. The main reason that favored 
its selection was the provision of sentiment scores on 
a 5-star scale, analogous to the star ratings directly 
assigned by users, useful for a later comparison between 
the detected and the expressed perceptions of the users 
about the assets.

After analyzing each segment in a single review, 
their mean was calculated to obtain a single score for all 
of them. Once all the review scores had been computed 

Table 1. Example of words (subject and direct objects) retrieved by spaCy and example of the selection of terms related to heritage and the 
associated sentence segments for the heritage site Church of Portone, in Senigallia. © 2025, D’Orazio et al.
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in this way, the sentiment score for the heritage item was 
obtained by averaging the scores of the corresponding 
reviews (Figure 2).

To categorize reviews into sentiment polarity classes, 
scores 1 and 2 were considered negative, 3 neutral, and 4 
and 5 positive.

2.1.3 Emotion Analysis

Parallel to SA, the segments were processed with the 
model FEEL-IT to classify the emotions conveyed in the 
texts. FEEL-IT is a fine-tuned UmBERTo model (itself a 
fine-tuned version of BERT for Italian language) trained 
on tweets annotated with labels corresponding to the 
four basic emotions: joy, anger, fear and sadness [19]. 

Each of the segments identified in the first phase 
(Sect. 2.2.1) was processed using the selected algorithm. 
Just as a single sentence can convey both positive and 
negative sentiments, it can also express multiple emo-
tions simultaneously. Since emotions are qualitative rath-
er than quantitative, it was not possible to apply a pro-
cedure similar to the one used for calculating sentiment 
scores to derive a single result value (Sect. 2.2.2). Han-
dling multi-opinionated sentences remains a significant 
challenge in this context [6, 20]. 

Therefore, the results of EA are presented as com-
puted, with multiple emotion labels for each review.

2.2 Case study

The selected case study on which the proposed 
methodology was tested consists of catalogued heritage 
architecture located in the region of Marche in Italy. Ita-
ly is one of the richest countries in terms of heritage, and 
the region Marche alone counts more than 1000 monu-

ments, 106 castles, 15 fortresses, thousands of churches 
and 72 theatres, as well as presenting the highest muse-
ums-population ratio and UNESCO sites [21].

The Italian authority responsible for heritage pro-
tection is the Ministry of Culture (MiC), which operates 
through peripheral offices, such as territorial Superin-
tendencies for Archaeology, Fine Arts, and Landscape 
(SABAP, Soprintendenze Archeologia, Belle Arti e Paesag-
gio), in charge of the conservation and promotion of her-
itage sites. 

These cultural stakeholders base their activities on 
data provided by platforms which collect information on 
protected sites. The heritage items selected for this study 
were sourced from the General Catalogue of Cultural 
Heritage [22]. This platform is managed by the MiC’s 
Central Institute for the Catalogue and Documenta-
tion (ICCD) and organizes data collected on structured 
sheets during periodic on-site cataloguing campaigns 
conducted by local authorities (superintendencies, prov-
inces, etc.), which include information on the state of 
conservation of assets [23].

The complete dataset for Marche’s architectural 
heritage from the General Catalogue, comprising 6835 
sites, was retrieved from the MiC open data platform at 
dati.beniculturali.it [24]. For each site, data such as the 
unique national ID, name, coordinates, state of con-
servation, notes on conservation status (e.g., causes 
of decay), and dates of compilation and updates were 
retained. This dataset represents official data collected 
by experts following official monitoring protocols.

Subsequently, a further selection was made from the 
official dataset to identify heritage items provided with 
user-generated content. The majority of the buildings list-
ed in the catalogue are privately owned, precluding access 
to visitors and thus impeding discussions on social media.

Google Maps was chosen as the platform for retriev-
ing user data. As a vast repository of location-specific 

Figure 2. Calculation of a single sentiment score for an asset. © 2025, D’Orazio et al.

http://dati.beniculturali.it
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information, it includes heritage sites and allows users 
to contribute content, such as five-star ratings, textual 
reviews, and even attached photos. 

Matching items from the General Catalogue of Cul-
tural Heritage and Google Maps could only be done by 
manual search. Automated procedures were hindered 
by the presence of inconsistencies in items’ names (e.g. 
naming conventions as the use of “S.” for “Saint” for 
churches and convents) or in coordinates data. Setting a 
tolerance distance to address the latter issue only made 
it worse, as the proximity of buildings in historic centers 
increased the risk of mismatches.

The final dataset of user-generated content com-
prised 70 items, including ratings, textual reviews, and 
usernames of the authors (hidden to protect their pri-
vacy), all scraped using the Google Chrome extension 
Instant Data Scraper. As most of the reviews were in 
Italian, the few reviews in other languages were extract-
ed in their automatically translated form to maintain 
consistency within the dataset (multilingual SA is a pos-
sibility, but it is not the focus of this study).

The reduction from the 6835 items of the official 
catalogue dataset to the 70 of the user-generated content 
dataset is due to two main factors. First, the majority of 
the architectures listed in the official catalogue are pri-
vate, preventing users from visiting them. Second, minis-
terial records also include minor heritage sites (it is note-
worthy that Italian law protects public buildings over 70 
years old), often less appealing to the general public and 
resulting in fewer reviews.

The results obtained by applying the methodology 
described in Section 2.1 to the case study dataset are 
presented in the following Section 3.

3. RESULTS

First considerations concerning the results obtained 
from the application of the proposed methodology for 
ABSA were conducted by comparing sentiment scores with 
the ratings directly assigned by users in the review process.

At first glance, the distribution patterns of the 
graphs are quite similar, confirming the methodology’s 
effectiveness in capturing user perceptions, which is, 
for the most part, positive. However, some differences 
remain. The ABSA score histograms show fewer items 
in the most extreme categories (1- and 5-star ratings), 
with a higher concentration in the middle range. This 
suggests that ABSA tends to present less extreme percep-
tions, likely because the analysis focused on heritage-
related aspects, excluding other factors that might have 
led to more polarized opinions. 

Further analysis incorporated these results alongside 
findings from the Aspect-Based Emotion Analysis (ABEA). 
While, as noted in Sect. 2.2.3, it is not possible to force 
multi-emotion results into a single category, the most com-
mon emotion per heritage asset was retrieved to provide a 
qualitative overview of ABEA. Joy emerged as the domi-
nant emotion, far surpassing the others. Given that joy is 
universally recognized as positive, while anger and fear 
could be considered negative emotions [19], ABEA also 
proved effective in capturing user perceptions. It is impor-
tant to note that sadness does not always represent a nega-
tive emotion. For instance, in this case study, some reviews 
expressing nostalgia were categorized as sadness. These 
reviews did not convey negativity but rather a sense of 
affection and longing for something lost over time. Never-
theless, joy remains the most frequently detected emotion, 
far surpassing sadness in the ABEA results.

All these considerations are based on the data pre-
sented in Figure 3. 

Figure 3. Histograms representing the distribution of ratings directly assigned by users (left), of resulting scores of the ABSA (center) and 
most common emotions for heritage assets (right). To sort results into sentiment polarity classes 1- and 2-star ratings were considered as 
negative, 3 as neutral and 4- and 5-star as positive. © 2025, D’Orazio et al.
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Deeper insights are provided by dividing in cat-
egories the heritage architecture dataset based on the 
destination of use of buildings. The categories include 
directional buildings (4 items), fortifications (5), schools 
(4), monuments (1), museums (4), productive buildings 
(1), churches and monasteries (39), receptive structures 
(8), public buildings (1), theatres (2), and historic villas 
(1). Again, the distribution of user-assigned ratings (only 
the ones associated with the processed textual reviews), 
ABSA scores and ABEA results were analyzed in paral-
lel. By making this distinction, it was easier to highlight 
cases worthy of attention. 

One of the most notable cases is represented by the 
Post Office building of Ancona, the only one falling 
under the public building category. This item received 
the most negative evaluations by users, averaging just 1 
star, which increased only to a 2-star score after ABSA 
processing of reviews (Figure 4). This shift may be 
attributed to the aspect-based approach; however fur-
ther examination of the texts revealed that even when 
targeting the analysis through the use of heritage-related 
tokens (e.g. “place”, “war”), users primarily expressed 
complaints about the service provided at the office 
(Table 2). This is further supported by the ABEA anal-
ysis of the reviews, which clearly indicates a predomi-
nance of anger in the examined texts (Figure 4).

Another interesting example is provided by the for-
mer Mancini furnace in Pesaro (productive buildings 
category). This site received only two reviews, averag-
ing a rating of 4, as shown in Table 3. The first review 
(User_01) is paired with a highly positive rating from 
the author but was assessed as neutral by the ABSA, 
likely because the text is mainly descriptive, with the 
user implicitly expressing an appreciation for the allure 
of ruins. ABEA offers additional interpretations: the 
review conveys sadness in relation to the site’s aban-
donment, anger over the decay caused by plant over-
growth, and fear regarding the dangers involved in 
accessing an opening to enter. This last emotion does 
not directly pertain to the asset’s conservation sta-
tus but rather to a dangerous action involving the site. 
While not strictly linked to conservation, such obser-
vations can provide valuable insights into how people 
experience a heritage asset in its current state of decay. 
The second review (User_02) shows a close alignment 
between the user’s rating and the ABSA score, while 
the ABEA interpretation reflects sadness over the struc-
ture’s lack of redevelopment.

Figure 5. provides a graphical representation of the 
data discussed above.

Final assessments compared the results of the pro-
posed methodology for ABSA regarding user perceptions 

with expert evaluations on the state of conservation, as 
recorded in the official catalogue.

To achieve this, terms used in the ICCD sheets were 
categorized as positive, negative, or neutral, consist-
ent with the ABSA results. As shown in Table 4, terms 
such as “good” and “excellent” were classified as positive, 
terms describing damage or explicitly negative condi-
tions (“bad”, “very bad”) were classified as negative, and 
references to ongoing work or terms not fitting the other 
two categories were considered neutral. The term “ruin” 
was classified as negative, as it can be considered a syn-
onym of “collapsed” from a conservation standpoint; 
however, it is worth noting that a ruin can have historic 
value and be in an optimal state of conservation [25]. 

Exploiting coordinate data, all items were mapped 
and marked with a color depending on the respective 
category (Figure 6). Results of the ABEA were excluded 
from this analysis due to the complexity of reporting 
multi-emotion-labelled data on a map.

The first observation is that the official record pre-
sents the most negative view of heritage conditions, par-
ticularly in the southern and inland areas of the region. 
By contrast, ABSA reflects a more positive outlook, with 
only two negative cases. These two cases, the Post Office 
of Ancona and the San Decenzio Cemetery in Pesaro, 
were given positive evaluations by experts but were fur-
ther analyzed through user reviews. In the case of the 
Post Office, reviews primarily criticize the postal service, 
as discussed earlier in this section; for the cemetery, 
users reported various signs of structural decay (Table 
5), which were further reflected by the predominance of 
anger and sadness resulting from the ABEA. Examina-
tion of the catalogue’s compilation date revealed it to be 
from 2004, highlighting the outdated nature of the offi-
cial records.

For sites marked by experts as in a negative state 
of conservation but classified as positive or neutral 
by ABSA, the conservation status notes in the official 
records were examined. It was found that the damages 
leading to these negative expert evaluations were largely 
caused by the 2016 earthquake that affected the south-
ern part of the region. Although these records were 
more recent (averaging around 2018), they did not reflect 
recent restoration and refurbishment efforts that have 
since made these structures accessible to visitors. 

4. CONCLUSIONS

Ensuring continuity in monitoring operations is cru-
cial for the safeguarding of heritage and fosters preven-
tive protocols. In addition to preserving cultural values, 
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Figure 4. Top: histograms representing the distribution of ratings directly assigned by users (left) and of resulting scores of the ABSA 
(right) for the Post Office building of Ancona; Bottom: Representation of the emotions associated with each of the analyzed reviews’ sen-
tence segments for the Post Office building. © 2025, D’Orazio et al.

Table 2. Example of reviews for the Post Office building of Ancona: the presented texts clearly show that, even when focusing the analysis 
on selected segments, these consist of complaints. © 2025, D’Orazio et al.
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Table 3. Reviews for the former Mancini furnace of Pesaro. © 2025, D’Orazio et al.

Figure 5. Top: Histograms representing the distribution of ratings directly assigned by users (left) and of resulting scores of the ABSA 
(right) for the former Mancini furnace in Pesaro; Bottom: Representation of the emotions associated with each of the analyzed reviews’ 
sentence segments for the former Mancini furnace. © 2025, D’Orazio et al.
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Table 4. Classification of conservation state terms from ICCD sheets. © 2025, D’Orazio et al.

Figure 6. Mapping of expert and user data, respectively, concerning the evaluations on the state of conservation of heritage architectures 
and ABSA scores resulting from the proposed methodology. © 2025, D’Orazio et al.
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timely actions and routine maintenance can prevent 
costly, delayed restoration efforts that may compromise 
assets or overlook key issues.

To support up-to-date and comprehensive moni-
toring protocols, a novel methodology was proposed to 
integrate user perceptions from social media platforms 
with official heritage conservation catalogues. This 
approach leverages SA and EA to process user-generated 
reviews from Google Maps, employing NLP techniques 
to isolate heritage-related topics from other aspects dis-
cussed in comments.

ABSA returned an overall positive perception of the 
heritage sites located in the Italian region of Marche, 
selected as a case study. With regard to the directly 
user-assigned 5-star ratings, results tended toward less 
extreme values, with fewer 1- and 5-star scores. Deeper 
examination of specific items yielded additional insights, 
such as the appeal of abandoned structures.

Comparing user perceptions with expert evalua-
tions exposed outdated catalogue records, with notable 
discrepancies in resulting user perceptions. Some sites 
marked positively by experts met with user criticism 

over maintenance issues, alongside the conveyance of 
anger and sadness-related emotions; these catalogue 
entries dated back 20 years. Conversely, buildings dam-
aged by the 2016 earthquake and marked negatively by 
experts received positive feedback from users, reflecting 
restoration efforts unrecorded in official documents.

This study presents a new methodology for ABSA 
and ABEA in heritage monitoring and identifies critical 
issues in current protocols. Future research may refine 
this model, developing automated matching procedures 
between official and user-generated datasets, a process 
currently hindered by issues related to naming conven-
tions and coordinates. At present, this matching is done 
manually, making it time-consuming. Automating the 
selection of heritage tokens would also represent a signif-
icant improvement. By constructing and linking a her-
itage-related thesaurus, the selection of relevant tokens 
could form the foundation for a fully automated process. 
Once these issues are addressed and the model refined, 
the methodology could be applied to even larger data-
sets, such as at the national scale. Other potential imple-
mentations could involve exploring and complementing 

Table 5. Example of reviews for the San Decenzio cemetery in Pesaro, reporting decay and damage to the structure. It is noteworthy that 
ABEA correctly interprets the use of the capital letters as a means of expressing anger. © 2025, D’Orazio et al.
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additional social media platforms, which could signifi-
cantly enrich the insights derived from users’ feedback 
and provide further validation. 

This work lays the foundation for real-time monitor-
ing platforms driven by user data, enhancing resource 
allocation and fostering participatory approaches by 
engaging the public, whose role currently remains 
underutilized in heritage management.
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Abstract. Point clouds and 3D models have become essential not only for the digiti-
sation process but also for the non-invasive assessment of deterioration and potential 
decay mapping in Cultural Heritage, particularly in the built environment and archi-
tectural landmarks. These resources facilitate precise digital inspections and enable 
a comprehensive analysis of the morphological and material properties of heritage 
assets, in strict alignment with conservation principles. Recent advancements in Arti-
ficial Intelligence have further refined 3D data and image processing, introducing 
sophisticated techniques for segmentation and classification through both supervised 
and unsupervised learning paradigms. Building upon these breakthroughs, this study 
explores the semi-automatic identification of surface alterations in the stone masonry 
of the south-east façade of the ‘Unfinished Church’, which is part of the Most Holy 
Trinity Complex in Venosa (Southern Italy). The mapping process started with the 
photogrammetric point cloud, employing RGB colour-detection techniques, followed 
by the implementation of two Machine Learning algorithms (Fast Random Forest and 
K-Nearest Neighbours) to examine the UV texture of the polygonal model. Compara-
tive analyses, both quantitative and qualitative, were conducted to assess the effec-
tiveness of these methods in identifying and classifying alterations, highlighting their 
potential to support preservation efforts and guide future maintenance strategies.

Keywords:	 Artificial Intelligence, Built Heritage, Image Processing, Point Cloud, Sur-
face Alteration

1. INTRODUCTION

Cultural Heritage (CH) encompasses the tangible and intangible expres-
sions of human history, including traditions, artworks, documents, and 
archaeological sites. Among its tangible aspects, Built Heritage (BH) holds 
a crucial role, comprising historic buildings, monuments, and architectural 
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structures that reflect the achievements, identities, and 
narratives of past societies [1-2]. The preservation of BH 
has become a critical global priority, particularly in light 
of the accelerating impacts of climate change, environ-
mental degradation, natural disasters, and human activ-
ity [3-4].

In response to these challenges, advancements 
in digital technologies have revolutionised CH docu-
mentation and analysis, with 3D point clouds – gener-
ated through photogrammetry or LiDAR – emerging as 
essential tools [5-6]. These datasets, composed of mil-
lions of spatially referenced points enriched with radio-
metric attributes such as RGB colour and reflectance 
intensity, enable highly detailed geometric reconstruc-
tions and material properties. When integrated with 
textured 3D models, point clouds not only advance the 
digitisation of heritage but also serve as powerful non-
invasive tools for diagnosing surface and structural deg-
radation and informing conservation strategies.

Concurrently, the application of Artificial Intelli-
gence (AI) has catalysed substantial progress in the anal-
ysis of CH datasets [7], harnessing state-of-the-art tech-
niques in image and point cloud processing [8, 9]. These 
AI-driven methodologies have demonstrated exceptional 
efficacy in the automatic recognition of colour and tex-
ture patterns, enabling the detection of surface alteration 
and degradation phenomena. Machine Learning (ML) 
algorithms – such as Random Forest (RF), K-Nearest 
Neighbours (K-NN), Support Vector Machines (SVM), 
and more – along with advanced Deep Learning (DL) 
techniques – like PointNet, Dynamic Graph Convolu-
tional Networks (DGCNN), or the recently introduced 
Segment Anything Model (SAM) – have become integral 
to these tasks [10-11].

By leveraging feature extraction techniques, these 
methods effectively segment and classify data based 
on chromatic anomalies, reflectance patterns, and geo-
metric inconsistencies, enhancing the accuracy and 
precision of analysis [12-13]. The integration of colour-
based approaches, which assign distinct RGB colours to 
regions of interest within the point cloud, enables the 
rapid detection of altered areas and deterioration pat-
terns. This methodology is particularly powerful when 
combined with texture-based techniques, such as ortho-
photos or UV maps [14-15], for the semi-automatic iden-
tification of cracks, erosion, and other forms of material 
degradation, such as in stone, thus providing a com-
prehensive and reliable evaluation of both surface and 
structural conditions [16-17].

Moreover, AI has made considerable strides in the 
automatic recognition and differentiation of architectur-
al elements, such as columns, arches, and façades, within 

point clouds. This ability to segment and classify archi-
tectural features contributes significantly to our under-
standing of the complex geometry of historic buildings 
[18, 19]. These methodologies enhance the accuracy of 
segmentation and classification of point clouds, even 
when datasets are incomplete or only partially anno-
tated. This is particularly significant for advancing the 
Scan-to-BIM process, which involves the semi-automatic 
conversion of semantic point clouds into Building Infor-
mation Models (BIM) [20], with the model also incorpo-
rating data derived from degradation analysis [21].

Although AI presents significant opportunities for 
conservation in the built environment, its application 
raises ethical challenges, including data bias and the 
marginalisation of human expertise. To uphold authen-
ticity and ethical integrity, AI should complement, rather 
than replace, human judgment [22-23].

1.1 Aims of the Research

Following the insights of a previous study [15], this 
research represents a significant advancement in the 
development of semi-automatic methodologies for map-
ping surface alterations on Stone-Built Heritage. Focus-
ing on the south-east façade of the Unfinished Church, 
part of the Most Holy Trinity Complex in Venosa (Ita-
ly), the investigation examines degradation phenomena 
across a 60 m² stone masonry area. 

Diverse colour-detection techniques were initially 
applied to the photogrammetric point cloud and subse-
quently to the corresponding polygonal model. These 
methodologies are rigorously assessed through both 
analytical and visual comparisons, providing a compre-
hensive evaluation of their effectiveness, reliability, and 
accuracy in detecting decay patterns, ultimately offering 
innovative solutions for the preservation and monitoring 
of heritage assets.

1.2 Overview of the Case Study

The Most Holy Trinity Complex, located in the 
ancient Latin colony of Venosa within the Basilica-
ta region of Southern Italy, is an important histori-
cal site with an architectural evolution spanning from 
the Roman period (3rd century BC) to the Baroque 
era (17th-18th century) [24]. The entire site features 
the ancient church, which features a Paleo-Christian 
design with a central nave, side aisles, and a unique cor-
ridor crypt. Adjacent to it is a guesthouse, while behind 
the church stands the ‘Unfinished’ church, a grand but 
incomplete structure (Figure 1).
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The ancient church underwent significant modifi-
cations, influenced by the Lombards in the 10th cen-
tury and the Normans in the 11th and 13th centuries. 
In 1059, Pope Nicholas II consecrated the abbey, estab-
lishing it as a shrine for the Hauteville family at Robert 
Guiscard’s request. By 1297, the Order of Malta took 

custodianship of the complex, though the construction 
of the new church was never completed. Today, the com-
plex remains an exceptional example of medieval archi-
tecture, offering a valuable insight into the construc-
tion techniques and cultural influences that shaped the 
region over centuries [25].

Figure 1. Complex of the Most Holy Trinity in Venosa (Southern Italy): A) Aerial view of the abbey site; B) Unfinished Church floor plan 
and identification of the case study; C) Case study: Southwest façade of the Unfinished Church. (Source: elaboration by the authors).
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2. METHODOLOGY

The workflow, as shown in Figure 2 begins with the 
generation of a point cloud representing the wall face 
of the unfinished church, derived from high-resolution 
photographic images, with a particular focus on its clas-
sification using Agisoft Metashape Pro 1.5.0 software. 
The methodology utilises RGB data to identify and 
delineate regions exhibiting surface alterations accurate-
ly. These phenomena, represented as point clouds, are 
subsequently converted into polygonal meshes to facili-
tate the calculation of degradation surfaces – an analysis 
that would not be feasible using point clouds alone.

Next, automatic degradation recognition is conduct-
ed through the analysis of the UV texture, extrapolated 
from the polygonal mesh generated from the complete 
RGB point cloud. This process employs two AI algo-
rithms: Fast Random Forest (FRF), implemented via the 
open-source software FIJI 1.52r, and K-NN, customised 
within the MATLAB environment. The three degrada-
tion analysis methods – one based on colour detection 
from the point cloud and two on texture analysis – are 
then compared to assess their effectiveness.

2.1 Building the Point Cloud and the Polygonal Model

The first step involved the construction of the 3D 
point cloud of the southwest façade of the Unfinished 
Church using photogrammetric techniques. A Canon 

EOS 1200D DSLR camera and a Phantom DJI 3 Pro-
fessional drone captured 269 images for model recon-
struction, with a maximum distance of 10 metres from 
the surface and an 80% overlap between adjacent shots 
in both directions. The images were preprocessed using 
Adobe Photoshop’s Camera Raw plugin to optimise 
exposure, contrast, saturation, sharpness, and white 
and black balance. The images were then imported into 
Agisoft Metashape Pro for digital processing and 3D 
spatial data generation. Initial image alignment was per-
formed automatically by the software through the detec-
tion of tie points. In cases of misalignment, additional 
tie points were manually added. 

To verify the alignment accuracy, both automated 
and manual methods were employed, generating a sparse 
point cloud. Once the alignment was refined, a dense 
point cloud of approximately 64 million points was gen-
erated, later reduced to 40 million by removing irrel-
evant sections. The point cloud was scaled to real-world 
dimensions based on on-site measurements. A textured 
polygonal mesh consisting of approximately 8 million 
faces was then created, and an 8192×8192 pixel UV map 
was extracted, which was subsequently downscaled to 
1024×1024 pixels for surface alteration analysis.

2.2 Colour-Detection on the Point Cloud

Starting from the reconstruction of the dense point 
cloud, Metashape software was used to identify and 
extract point sets based on uniform chromatic features, 
aiming to create a degradation map. During the analysis, 
four types of surface alteration phenomena were detect-
ed, as defined by the UNI 11182:2006 standard ‘Cultural 
Heritage - Natural and Artificial Stone - Description of 
the Alteration - Terminology and Definition’ [26] and the 
Illustrated Glossary on Stone Deterioration Patterns [27]: 
i.	 Patina: ‘Chromatic modification of the material, 

generally resulting from natural or artificial ageing 
and not involving in most cases visible surface dete-
rioration’; 

ii.	 Biological Colonisation (or Biological Patina): ‘Colo-
nisation of the stone by plants and micro-organisms 
such as bacteria, cyanobacteria, algae, fungi and 
lichen (symbioses of the latter three). Biological colo-
nisation also includes influences by other organisms 
such as animals nesting on and in stone’;

iii.	 Efflorescence: ‘Generally whitish, powdery or whisk-
er-like crystals on the surface. Efflorescences are 
generally poorly cohesive and commonly made of 
soluble salt crystals’; 

iv.	 Plant (or Vegetation): ‘Vegetal living being, having, 
when complete, root, stem, and leaves, though con-

Figure 2. Methodological Workflow. (Source: elaboration by the 
authors).
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sisting sometimes only of a single leafy expansion 
(e.g. Tree, fern, herb)’.
The software enabled the classification of degrada-

tion types within the point cloud by detecting represent-
ative points based on RGB values (red, green, and blue), 
which were used to map surface alterations. Subsequent-
ly, the algorithm was trained to segment the point cloud 
automatically, using conditional statements to identify 
points based on defined colour criteria. Specifically, the 
procedure for tie point selection based on colour intensi-
ties involved several key steps.

First, the script accessed the active document and 
chunk in Metashape, importing the necessary librar-
ies and retrieving the point cloud and track data. Col-
our parameters (‘r’, ‘g’, ‘b’) and a tolerance value were 
defined to set the range for selecting points based on 
their colour. The script then iterated through the point 
cloud, selecting points whose colours fell within the 
specified range, considering the tolerance. Once the 
points were selected, the Metashape interface was updat-
ed to reflect the changes, completing the point identifica-
tion process.

For the manual selection, ten groups of representa-
tive points were annotated for each degradation type, 
which facilitated the definition of a tolerance range for 
automated segmentation and the extraction of seman-
tic point cloud classes. Finally, polygonal meshes were 
generated from these surface alteration classes. These 
continuous three-dimensional models, composed of 
networks of flat surfaces oriented in space, enabled the 
calculation of areas affected by various degradation pat-
terns, while turning off mesh interpolation to prevent 
the artificial insertion of data into areas that are effec-
tively voids or gaps (Figure 3).

2.3 Texture-based Classification on the Polygonal Model 
with Fast Random Forest Algorithm

To assess the effectiveness of various automated 
methods for identifying superficial alterations on stone 
surfaces, image processing techniques were applied to 
the 3D model of the church, focusing on texture features 
associated with degradation. A textured polygonal mesh 

Figure 3. Point cloud colour-detection for surface alteration phenomena within the Metashape environment: A) Manual selection of rep-
resentative points in the RGB scale for each alteration; B) Semantic point cloud with alteration classes (‘patina’ in red, ‘biological colonisa-
tion’ in blue; ‘efflorescence’ in brown, ‘plant’ in green; C) Example of extracting surface measurements from the ‘patina’ mesh. (Source: 
elaboration by the authors)
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of the façade was created using Metashape Pro software, 
followed by the extraction of a UV map. UV mapping 
transforms the 3D model, defined by points with x-y-z 
coordinates, into a 2D surface represented by u-v coor-
dinates. This facilitates the arrangement of the model’s 
polygons on a 2D plane for analysis. 

The UV map of the façade was then imported into 
FIJI®, an open-source image processing software based 
on the Java programming language. To ensure accu-
rate classification, a reference scale was established by 
inputting measured distances between targets on the 
Metashape-processed model, correlating pixel-based 
measurements with the actual physical dimensions. The 
software automatically converted the 1024×1024 pixel 
RGB image into a metric scale of 10.68×10.68 metres. 
The FRF algorithm, a variant of the RF framework, was 
used for texture-based classification via the Trainable 
WEKA Segmentation plugin [28]. FRF optimises the 
traditional RF method by reducing training time while 
maintaining high predictive accuracy, making it compu-
tationally efficient for large datasets.

Specifically, FRF constructs an ensemble of decision 
trees, where each tree is built from a random subset of 
the training data. Key aspects of the algorithm include:
–	 Decision Trees: Each tree splits the data recursively 

based on impurity measures like Gini impurity or 
information gain, aiming to reduce uncertainty at 
each node.

–	 Random Feature Selection: For computational effi-
ciency, only a random subset of features is evaluated 
at each split, which helps to reduce the complexity of 
the model without sacrificing accuracy.

–	 Ensemble Learning: The classification is determined 
by majority voting across the trees in the ensemble, 
improving generalisation and robustness.

–	 Statistical Foundation: The algorithm seeks to mini-
mise impurity at each split, with the goal of creating 
nodes that are as homogeneous as possible, thereby 
increasing the purity of the resulting subsets.

–	 Final Prediction: The output class for a given input 
is the one that receives the most votes from all deci-
sion trees.
In this study, the classifier was configured with 200 

trees and two random features per node, balancing com-
putational efficiency and classification accuracy.

During classification, regions of interest (ROI) were 
manually selected for each texture type, including ‘Pat-
ina’, ‘Biological Colonisation’, ‘Efflorescence’, ‘Plant’, ‘No 
Pathology’, and ‘Background’. Each texture class was 
represented by ten training regions. The classification 
process yielded a 32-bit UV map, which was subsequent-
ly converted to an 8-bit image for more efficient manipu-

lation. Probability maps, highlighting areas of degrada-
tion in red, were then generated. A black and white bina-
ry conversion process was applied to separate objects 
from the background, with threshold values calculated 
iteratively until they surpassed the mean pixel value.

The surface areas of the identified degradation fea-
tures were calculated by defining pixel area ranges (in m²) 
and excluding irrelevant areas of the image using circular-
ity values, which quantify the shape of the objects, where 
a value of 1.0 corresponds to a perfect circle, and values 
approaching 0.0 indicate more elongated or irregular 
shapes. Figure 4 shows the entire texture-based process.

2.4 Texture-based Classification on the Polygonal Model 
with K-Nearest Neighbours Algorithm

In addition to the FRF method, an exploratory study 
was conducted using the K-NN algorithm, implemented 
within the MATLAB environment, to classify UV tex-
tures extracted from the 3D model of the church. The 
K-NN algorithm works by calculating the Euclidean dis-
tance in an n-dimensional space between the target pixel 
and the training data points, where n corresponds to the 
number of attributes used in the classification. Unlike 
traditional nearest-neighbour methods, K-NN classifies a 
target based on the majority vote of the k-nearest neigh-
bours, thus improving robustness to outliers and noise 
within the dataset. 

The classification process (Figure 5) involved several 
key steps:
–	 Image Preprocessing: The source RGB image is first 

visualised, and its pixel dimensions, as well as its 
real-world size in metres, are defined. This enables 
a direct link between the image’s spatial resolution 
and actual object dimensions.

–	 Selection of Regions of Interest (ROIs): For each 
class, the user manually selects at least 10 example 
regions directly from the image. These regions are 
stored in the ‘sample_regions’ cell array, marking 
the positions of selected regions that represent each 
class. This step is essential for capturing the class 
features, particularly when they are difficult to mod-
el mathematically.

–	 Colour Space Conversion: The RGB image is con-
verted to the L*a*b* (CIELAB) colour space. This 
transformation separates the chromatic components 
(‘a*’ and ‘b*’) from the brightness (‘L*’) component, 
thus improving the algorithm’s ability to capture col-
our variations while reducing the influence of light-
ing conditions.

–	 Classification Using K-NN: For each pixel, the 
Euclidean distance to the mean values of each class 
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in the ‘a*’ and ‘b*’ colour channels is computed. 
The pixel is then assigned to the class of its k-near-
est neighbours, with k=3. This choice of k balances 
local sensitivity (k=1) and robustness to noise (k>1), 
making it ideal for accurately classifying the image’s 
local features.

–	 Visualisation of the Classified Image: Once classi-
fied, a colour-coded image is generated, with each 
class represented by a specific colour. This coloured 
representation provides a clear visual interpretation 
of the classified results.

–	 Scatter Plot in the ‘ab’ Colour Space: A scatter plot 
is created to visualise the distribution of classified 
pixels in the ‘a*’ and ‘b*’ colour channels. This plot 
reveals the separability of the classes and aids in 
identifying any overlaps or clear distinctions in the 
data.

–	 Calculation and Visualisation of Percentage Areas: 
The number of pixels and the corresponding area 
(in square metres) for each class are calculated. 
These values are then converted into percentage 
areas relative to the total surface area, providing a 
quantitative measure of the spatial distribution of 
the various degradation types.

3. RESULTS

The outcomes of the degradation mapping are pre-
sented through graphical representations, surface area 
measurements, and percentage values relative to the 
total examined area. A comparative analysis is conduct-
ed across three proposed classification methodologies: 
Point Cloud (PC) Colour-based, Texture-Based with 
FRF, and Texture-Based with K-NN. The results include 
both the classified point cloud and the polygonal meshes 
onto which the UV textures classified by the two texture-
based methods were reprojected (Figure 6 and Figure 7). 
To enhance the clarity and consistency of visual inter-
pretation, uniform colours were assigned to each class 
across all methodologies: ‘Patina’ (pure red), ‘Biological 
Colonisation’ (cyan), ‘Efflorescence’ (magenta), ‘Plant’ 
(pure green), and ‘No Pathology’ (pure grey). 

From a visual quality perspective, significant pro-
gress has been achieved in identifying patterns corre-
sponding to different degradation phenomena, leverag-
ing classifications derived from the dense point cloud. 
However, it is important to acknowledge that classifica-
tion, while robust, is not entirely unequivocal. Lower 
accuracy or a reduced dataset can introduce errors, lead-
ing to the representation of a segmented region under 
multiple labelled classes. The texture-based approach, 

Figure 4. Texture-based classification process using Fast Random Forest within the FIJI environment: A) Training and pre-classification 
stages in the 32-bit UV map; B) Final classification results in the 8-bit UV map (‘patina’ in red, ‘biological colonisation’ in blue, ‘efflores-
cence’ in pink, ‘plant’ in green, ‘no pathology’ in yellow, ‘background’ in purple); C) Generation of probability maps; D) Particle analysis 
for calculating the area of alterations based on circularity. (Source: elaboration by the authors)
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implemented using both FRF and K-NN, aligns visually 
with the point cloud colour-based method but encoun-

ters specific challenges, particularly in accurately identi-
fying the Efflorescence phenomenon. A slight misclassifi-

Figure 5. Texture-based classification process using K-Nearest Neighbours within the MATLAB environment: A) Examples of region of 
interest (ROI) for each class; B) Sample regions for each class; C) Classified image in the RGB colour space (‘patina’ in pure red [255 0 0], 
‘biological colonisation’ in cyan [0 255 255], ‘efflorescence’ in magenta [255 0 255], ‘plant’ in pure green [0 255 0], ‘no pathology’ in yellow 
[255 255 0], ‘background’ in pure blue [0 0 255]); D) Scatter plot of the segmented pixels in the a*b* space and visualisation in the RGB 
space (with the same colour conventions). (Source: elaboration by the authors).

Figure 6. Visual representation of the initial data (point cloud or mesh) alongside the final classified results: A) Point cloud; B-C) Polygonal 
mesh; D) Classified point cloud; E) Classified mesh with FRF; F) Classified mesh with K-NN. (Source: elaboration by the authors)
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cation is observed due to potential confusion with plant-
origin substances secreted by lichens within the Biologi-
cal Colonisation category. However, the Patina and Plant 
phenomena are more precisely recognised, especially 
when employing the FRF method.

A quantitative evaluation of the three mapping 
approaches reveals significant variations in the estimated 
areas of degradation categories (Table 1). 

In the point cloud colour-based method, ‘Pati-
na’ emerges as the most prominent category, cover-
ing 33.03% of the total surface, closely followed by ‘No 
Pathology’ at 32.09%. Other categories exhibit a bal-
anced distribution, with ‘Biological Colonisation’ and 
‘Efflorescence’ accounting for 16.67% and 8.92%, respec-
tively, while ‘plant’ covers 9.30% of the area. The FRF 
Texture-based approach maintains ‘Patina’ as the domi-
nant category at 33.33% but introduces a notable redis-
tribution of the remaining categories. ‘Biological Coloni-
sation’ increases slightly to 17.08%, while ‘Efflorescence’ 
and ‘Plant’ show increments to 9.27% and 9.58%, respec-

tively. ‘No Pathology’ experiences a minor decline to 
32.75%. The K-NN Texture-based approach exhibits sub-
stantial variations, with ‘Biological Colonisation’ emerg-
ing as the dominant category at 20.33%, surpassing ‘Pat-
ina’ (30.15%). ‘Efflorescence’ significantly decreases to 
7.42%, while ‘Plant’ and ‘No Pathology’ maintain stable 
proportions at 8.68% and 33.42%, respectively.

A comparative analysis (Figure 8) highlights that the 
point cloud colour-based approach results in a relatively 
balanced distribution among degradation categories, 
with ‘Patina’ and ‘No pathology’ in near equilibrium. 
The FRF approach indicates an increased estimation of 
‘Plant’ and a redistribution of other categories compared 
to the colour-based method. In contrast, the K-NN 
approach exhibits a significant shift, with ‘Biological 
Colonisation’ taking precedence and notable fluctuations 
in other surface estimations.

Figure 7. Detailed visual representation: A) Original image; B) Classified point cloud; C) Classified mesh with FRF; D) Classified mesh 
with K-NN. (Source: elaboration by the authors),
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Table 1. Results of the degradation mapping with the three approaches: Point cloud colour-detection (PC), Texture-based classification 
with Fast Random Forest (FRF), and Texture-based classification with K-Nearest Neighbours (K-NN).
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4. LIMITATIONS OF THE RESEARCH

This study has demonstrated the potential of inte-
grating AI into Built Heritage, particularly through 
semi-automated processes for extracting chromatic prop-
erties from point clouds and photorealistic 3D models. 
However, several limitations must be acknowledged. 

One of the key limitations was the lack of a uni-
versally accepted objective criterion for classification 
assessment, as no absolute ground truth was used in the 
comparative analysis. Furthermore, point cloud classifi-
cation, while providing valuable insights, often requires 
case-by-case evaluation during the interpolation of 
polygonal meshes to ensure accurate surface calculation 
and prevent errors such as missing areas or distortions 
in the final output.

The methodologies employed also exhibit varying 
levels of accessibility. Open-source tools like FIJI per-
form exceptionally well despite being free, offering a high 
degree of functionality and flexibility for many applica-
tions, especially when compared to proprietary software 
like Metashape, which, although more expensive, tends to 
be more limiting in this case. Moreover, using dedicated 
programming languages allows for high customisation, 

but this requires advanced technical expertise and a sig-
nificant initial investment in algorithm development. 

Another important consideration is the inherent 
variability of the data during the training process, as 
human supervision remains essential, particularly in the 
initial stages of data selection and annotation, to ensure 
that the colour and textural characteristics employed are 
accurate and meaningful.

5. CONCLUSIONS AND FUTURE DEVELOPMENTS

The integration of semi-automated processes for 
extracting chromatic properties from point clouds and 
3D models represents a significant advancement in auto-
mation and efficiency. Nonetheless, while this study has 
primarily focused on the final classification outcomes, 
future research will emphasise the adoption of standard-
ised and robust criteria to ensure a more objective and 
precise assessment of model performance. 

Moving forward, further advancements are antici-
pated in the integration of semantic data within Scan-to-
BIM modelling platforms. Point clouds capturing the spa-
tial extent of degradation or textures representing surface 

Figure 8. Comparative analysis of three classification approaches based on the percentage of surface area occupied across the stone mason-
ry. (Source: elaboration by the authors)



89Artificial Intelligence for Detecting Surface Alteration Phenomena in Stone-Built Heritage

conditions will be effectively incorporated into BIM mod-
els. These semantic data layers will be mapped to specific 
building elements, such as walls, providing a more precise 
and contextualised representation of deterioration. 

By associating these degradation markers with rel-
evant material properties, historical data, and construc-
tion techniques within IFC-compatible digital formats, 
BIM will facilitate more informed decision-making for 
conservation and restoration efforts while ensuring 
seamless interoperability with advanced analytical tools. 
This integration will further strengthen heritage moni-
toring and conservation, enhancing the ability to pre-
serve historic buildings more effectively.

Moreover, future research will greatly benefit from 
the integration of cutting-edge technologies, including 
SAM, Generative Adversarial Networks (GANs), and 
advanced DL frameworks. These innovations are expect-
ed to enhance both the accuracy and automation of deg-
radation diagnostics, ultimately enabling more data-driv-
en and efficient heritage preservation strategies. 
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Abstract. The revitalization of long-disused sites with a focus on production activities 
is a critical endeavor for the preservation and integration of such sites into the urban 
fabric, a challenge that Italy also faces. Buildings once deemed “modern” are now key 
markers of local historical and economic evolution, yet the process of their revitali-
zation demands both careful study and practical solutions. Any effort to adapt these 
structures must balance conservation with modern functionality, ultimately hinging 
on the broader theme of restoration and reuse. The Tabarca Building in Genoa serves 
as a paradigmatic case in point, given its profound cultural significance for both the 
city and the nation. It was the inaugural facility in Italy to incorporate refrigeration 
technology for the preservation of goods, a groundbreaking innovation in the early 
20th century that profoundly reshaped global commerce and gave rise to new archi-
tectural forms. Despite its notable legacy, the full potential of the Tabarca Building 
remains largely underappreciated. This paper demonstrates that restoration and repur-
posing work on this historic warehouse highlights the importance of forward-looking 
interventions, ensuring heritage buildings remain both relevant and respectful of their 
unique characteristics and surrounding context.

Keywords:	 Architectural Engineering, Adaptive Reuse Strategies, Maritime Architec-
tural Heritage, Integrated Multidisciplinary Approach, Traditional Build-
ing Techniques.

1. INTRODUCTION 

The transformation of decommissioned industrial areas into spaces inte-
grated within the modern urban fabric represents one of the most complex 
and stimulating challenges for contemporary architecture. The process of 
repurposing such areas is particularly critical in port zones, which retain sig-
nificant historical and industrial heritage. With the advent of the post-indus-
trial era, many of these spaces have undergone a gradual decline, raising 
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urgent questions about their redevelopment and reacti-
vation. In Italy, as in the rest of Europe, the renewal of 
these areas not only addresses the challenges of urban 
decline but also presents an unprecedented opportunity 
to reimagine the use of built heritage and promote more 
sustainable and inclusive territorial planning [1].

In Europe, cities such as London, Liverpool, and 
Hamburg serve as emblematic examples of port area 
transformation. In London, Canary Wharf stands as 
a significant example of profound territorial renewal: 
while some historic buildings were preserved for muse-
um purposes, most pre-existing structures were demol-
ished to make way for a new financial district. The pro-
cess of urban regeneration radically transformed the 
area, leaving only the docks as remnants of the original 
conurbation. The connection between the industrial 
past and the new financial district is therefore primar-
ily intangible, marked by the continuation of the area’s 
production vocation [2]. In stark contrast, other cities 
have opted for a more conservation-focused approach 
to regenerating their port areas. Liverpool’s Albert Dock 
and Hamburg’s Speicherstadt are excellent examples of 
how historical memory can be preserved through tar-
geted repurposing interventions that respect the existing 
urban fabric. These sites, listed as UNESCO World Her-
itage Sites, effectively demonstrate how industrial herit-
age can be valued and integrated into the contemporary 
urban landscape [3, 4].

In Italy, the transformation of decommissioned 
port spaces poses a critical challenge for urban plan-
ning in major coastal cities. Genoa, the second-largest 
Italian port by cargo traffic [5], offers a striking exam-
ple. Historically, the Port of Genoa has always been the 
city’s beating heart, significantly influencing its urban 
development. The first major urban reconversion and 
port space reuse initiative materialized with the project 
coordinated by architect Renzo Piano for the Old Port 
(Porto Antico) during the 1992 Expo, held to celebrate 
the 500th anniversary of the discovery of America. 
This intervention transformed the Old Port area into a 
vibrant urban center, combining new constructions such 
as the Piazza delle Feste and the Genoa Aquarium with 
the restoration of monumental structures such as Porta 
Siberia and the Palazzine del Porto Franco, as well as 
the repurposing of abandoned warehouses like the Cot-
ton Warehouses (Magazzini del Cotone) and the Millo 
Building [6].

The successful transformation of the Old Port 
inspired, in subsequent years, the redevelopment of the 
Darsena, a previously decommissioned port area whose 
urban recovery process is still ongoing. Originally devel-
oped at the end of the 19th century, the modern Darsena 

functioned for decades as a vital logistics hub for goods 
arriving at the Port of Genoa, yet it remained isolated 
from the surrounding urban context despite its central 
location within Genoa’s historic center. Despite numer-
ous proposed redevelopment projects, many of which 
were never realized [7], the area’s revival began only in 
1995 with the opening of the Faculty of Economics and 
Commerce in the Scio District, designed by architects 
Aldo Pino and Aldo Luigi Rizzo. This intervention emu-
lated the success of the Faculty of Architecture redevel-
opment by Ignazio Gardella, which had already initi-
ated a virtuous regeneration process in Genoa’s historic 
center. The area subsequently benefited from further 
interventions, such as the transformation of the Galata 
District into the Museum of the Sea and Navigation in 
2004, designed by Guillermo Vázquez Consuegra, and 
the conversion of the Cembalo District into residential 
spaces in 2005, executed by Enrico Bona. Despite these 
developments, some structures remain abandoned, high-
lighting the persistent challenges in urban redevelop-
ment processes [8]. Among these, the Tabarca District, 
built at the end of the 19th century as the site of Italy’s 
first refrigerated warehouse, is an example of signifi-
cant historical value awaiting adequate recovery. A his-
torical and typological analysis is essential to appreciate 
not only the building’s history but also its potential for 
transformation within the current urban context.

This study aims to examine the Tabarca building 
using a methodological approach that integrates mul-
tiple scales and disciplines, exploring its topographical 
context and historical, economic, and functional aspects. 
The objective is to provide a comprehensive overview 
of the building by analyzing its location within Genoa’s 
urban fabric, its historical-functional context, its cur-
rent state, and the ongoing repurposing project. This 
investigation aims to highlight the historical legacy of 
the Tabarca District and offer a model for the recovery 
of similar structures in Italian and European port cities.

2. METHODOLOGY

The conservation of historic buildings always 
requires following a precise interdisciplinary approach, 
which means following a method. The concept of a 
“methodological approach” means following specific 
phases in sequence and interacting with each other, then 
allowing an intervention on the building without creat-
ing information gaps that could then compromise the 
result. It is a fundamental theme that cannot be avoid-
ed in the knowledge, intervention, and valorization of 
buildings. 
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The object of this study, the Industrial complex of 
Tabarca, presents itself simultaneously as a single ele-
ment and as part of a contextual complex (the Darsena), 
which must be understood in all its aspects: historical, 
functional, geometric, and topographical. Without this 
framework, it would also be difficult to implement an 
authentic restoration project and, above all, enhance the 
property’s characteristics. In line with this aim, a team 
of specialists examined the various aspects of the prop-
erty in an integrated manner. This approach involved 
integrating multiple surveys, each conducted with its 
own precise methods. 

Firstly, the contextual and topographical framework 
was defined, since, as mentioned, the building cannot 
be understood as a “white elephant” but as part of an 
essential historical economic system, such as the Geno-
ese Darsena. Then, an analysis of the historical features 
was carried out, as the Tabarca building is a fundamen-
tal emblem for the history of cold storage; the analyses 
concerned a targeted study on the functional system that 
was crucial also to compare with other similar struc-
tures to deduce their origins and models; this research 
has mainly acted through bibliographic and archival 
funds. Lastly, the work included an analysis of the cur-
rent state, involving a technical construction assessment 
of the structural condition, the state of conservation, and 
a geometric survey.

3. DISCUSSION AND RESULTS

3.1 Historical Development of the Darsena Area

The industrial archaeology building that is the sub-
ject of this study does not represent an isolated archi-
tectural element separated from its context; on the con-

trary, it is part of an important organic system of multi-
layered buildings born in response to common and con-
nected policies. The context in question is the Genoese 
port of Darsena (Figure 1).

The maps and historical documents were fundamen-
tal for this purpose. The area was used as a port from 
the end of the 13th century. From this moment, its his-
tory and growth officially started [9-11].

During the 15th and 16th centuries, the layout of the 
area was planned in a more specific way by the Consuls 
of the Municipality of Genoa: on the north-west side 
there is the arsenal, in the central area there is the “Dar-
sena delle Galere” and on the south-east side the “Dar-
sena del Vino”, the latter is separated from the previous 
part thanks to a north-south pier. This moment coin-
cides with a period of great prosperity for the maritime 
Republic of Genoa.

In the 17th century, a slight modification was docu-
mented in the area between the Arsenale and the Dar-
sena delle Galere. In this part, a large structure charac-
terized by a series of arches was inserted, probably used 
as warehouses and workshops (Figure 2).

Military use was the primary vocation of the place, 
and as a consequence, the arsenal and the military ser-
vices were the key points for the area. The context main-
tained its characteristics unchanged until the end of the 
18th century. The area continued to be divided into the 
Carenaggio Darsena, the Galee Darsena, where galleys for 
both military and commercial uses were moored and the 
Arsenale, where the galleys were equipped for war [12].

In 1870, the municipality of Genoa obtained the 
transfer of the Darsena, which brought about a radical 
transformation. In fact, in 1873, the area was converted 
to commercial use and definitively lost its military value. 
This event is responsible for the subsequent construction 
of the Tabarca building, the subject of this study, and 

Figure 1. Satellite image of the Porto Antico area of Genoa (on the left); general view of the Darsena area with indication of the Tabarca 
building (on the right). (Source: Google Earth, elaboration of the Authors).
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many other transformations in the area. In 1889, a com-
prehensive project to arrange the area was approved. The 
Tabarca, which is part of this scheme, was built between 
1895 and 1898 [13].

In addition to this building, warehouses, and neigh-
borhoods were built that took their names from the Geno-
ese colonies: Cembalo, Scio, Galata, Metelino, Caffa, and 
Farmagosta (destroyed to make way for the Sopraelevata). 
The modifications continued after the First World War, 
when there was a need for more space. To facilitate this, 
the series of works to raise the buildings began in 1921.

An important moment for the Tabarca building 
came in 1923 when the Municipality of Genoa signed 
an agreement with the Società dei Magazzini Frigorif-
eri Genovesi for the raising of the Scio district and the 
installation of a new Frigorifero to replace the one in the 
Tabarca district. From this moment on, the structure 
took on the main connotation that would characterize 
it until the present day and that also connects it to the 
other structures, all of which were designed to fulfil the 
same purposes and destinations [14]. 

In conclusion, examining the history of the sin-
gle building and the entire context (Figure 3), as briefly 

described, two important phases can be summarized: 
the first, of a military nature; the second, of an economic 
nature. The building subject to this study falls within 
this second phase, which should be seen not only as a 
single structure but also as part of an organic system. 
This system has made the Genoese Darsena unique in 
terms of its characteristics, history, and composition [15]. 

3.2 Historical Framework of the Building Typology

At the start of the 20th century, the Quartiere 
Tabarca assumed a distinct role within the Genoese port 
as the site of Italy’s first refrigerated warehouse dedicated 
to food storage [16]. Examining the state of the refrig-
eration industry during this period is crucial to under-
standing how engineering disciplines tackled the chal-
lenges presented by this innovative building typology. 
Such an analysis sheds light on the structural and tech-
nical features of the Quartiere Tabarca.

Interest in industrial refrigeration began in the 19th 
century, particularly in its latter half, with the inven-
tion and mass production of early refrigeration sys-
tems. These systems relied on cooling achieved through 

Figure 2. Darsena area in the 15th century. (Source: Elaboration by the Authors).
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the compression and expansion of specific refrigerants. 
Initial technologies used ammonia and sulfur dioxide 
due to their ability to liquefy under pressure. However, 
ammonia was gradually phased out because of its cor-
rosive properties and health risks. Alternatives such as 
carbon dioxide and methyl chloride, though safer for 
humans, introduced technical challenges due to the high 
operating pressures required [17].

Various methods were employed to cool storage 
rooms. One involved piping refrigerant gases directly into 
the storage areas, offering high efficiency but posing risks 
of gas leakage that could harm both stored goods and per-
sonnel. Another approach utilized refrigerants to cool a 
non-freezing liquid circulated through coils along the ceil-
ings of storage rooms. This method required forced venti-
lation to prevent frost accumulation, which could disrupt 
optimal environmental conditions for food preservation 
[18]. A third technique used brine solutions to cool air cir-
culated into storage rooms through wooden ducts. This 
method capitalized on convective airflows driven by den-
sity differences between hot and cold air [19].

The construction of refrigerated warehouses neces-
sitated the adoption of novel building techniques to 
achieve unprecedented performance levels. Insulation 
materials became critical, selected for properties such 
as resistance to moisture, non-flammability, and resist-
ance to pests. Early methods involved creating air gaps 
between cold storage rooms and exterior walls using 
lightweight bricks known as “voids” (Figure 4a). Sub-
sequently, cork elements, particularly corkboard, were 
used to fill wall cavities, though this approach proved 

costly and difficult to implement (Figure 4b) [18]. This 
challenge led to the development of compressed cork 
panels patented by Grunzweig and Hartmann of Lud-
wigshafen. Marketed under the brand “Reform,” these 
panels were praised for their ease of installation and 
mechanical reliability, making them suitable for insu-
lating floors and roofs. Alternative materials included 
pumice, peat, vegetable or mineral charcoal, often used 
in loose form as fillers for vaulted ceilings. Advances in 
insulation materials also enabled lightweight construc-
tion of cold rooms using timber frames combined with 
insulation layers and external claddings [20].

Flooring materials in cold rooms were selected for 
durability, waterproofing, and ease of cleaning. Asphalt 
was initially used but was later replaced by cement-based 
screeds, offering higher mechanical performance. Lino-
leum, patented in the 19th century, provided another 
option, offering ease of maintenance, though it remained 
more expensive than cement-based alternatives [18]. 
Roofs in masonry cold stores typically consisted of met-
al I-beams supporting solid brick vaults, topped with a 
lightweight concrete layer mixed with cork or peat for 
improved thermal performance. The interiors of cold 
rooms were finished with washable cement plaster or 
enamel coatings, with enamel more common in English-
speaking regions.

Doors and windows in cold storage facilities were 
designed for airtight sealing, with wooden doors large 
enough to accommodate foodstuffs. Lighting solu-
tions varied between European and American contexts. 
French, British, and American cold stores lacked natu-

Figure 3. Timeline of the main events that characterize the historical evolution of the Darsena and the building known as the Tabarca. 
(Source: Elaboration by the Authors).
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ral lighting (e.g., Lyon Cold Storage, Villette Factory), 
whereas German facilities incorporated natural light to 
meet hygiene standards. Well-lit environments facili-
tated thorough cleaning, which was challenging under 
artificial lighting at the time due to the limitations and 
maintenance costs associated with incandescent bulbs. 
Alternatives like oil or gas lamps were unsuitable as 
they altered internal climatic conditions. Natural light-
ing in German facilities was achieved using reinforced 
glass panes with metal meshes to enhance mechanical 
strength – a technique that gained popularity in early 
20th-century Central Europe [19].

Ventilation was another critical aspect in cold store 
design, essential for preventing food spoilage, condensa-
tion, and mold during periods of system inactivity. To 
address these issues, the “Schwarz device” was intro-
duced. This device comprised a metal cylinder with 
threaded plugs, including an insulated outer plug. Natu-
ral rubber gaskets ensured airtight sealing, while a metal 
grille prevented insect or unauthorized entry [21].

To contextualize the techniques used in construct-
ing cold stores, it is essential to examine the develop-
ment of the refrigeration industry in Europe and Italy. At 
the beginning of the 20th century, the global evolution 
of refrigeration was marked by significant heterogeneity. 
The United Kingdom played a leading role, establishing 
itself as a pioneer in constructing refrigerated port ware-

houses and developing one of the first commercial fleets 
equipped with refrigerated environments [21]. In the 
UK, the growth of manufacturing industries facilitated 
the commercialization of ammonia-based and, later, car-
bon dioxide-based refrigeration systems. These advance-
ments enabled applications ranging from transporting 
frozen meat to early scientific research in laboratory set-
tings. One notable example was the Baerselman Cold 
Storage facility on London’s Southbank, one of Europe’s 
first large-scale cold stores [22].

Notably, the Genoa cold store, located in the Quar-
tiere Tabarca, was Italy’s first refrigerated warehouse. 
Established in 1901 by the Società Anonima dei Maga-
zzini Frigoriferi Genovesi, the facility became operation-
al in April 1902 and underwent significant expansion in 
1906 [16].

 The Genoese cold-storage depot featured rooms dis-
tributed across four levels, interconnected via an inter-
nal staircase and an electric lift system. A single corridor 
illuminated by windows facilitated access to the cold 
rooms. These windows were located exclusively at the 
junctions, as the cold rooms themselves lacked natural 
light. Instead, visibility within the storage areas relied 
entirely on electric lighting. Insulation materials includ-
ed cork, applied as loose fill for the roofs and as panels 
for the floors and perimeter walls. In cold rooms requir-
ing lower temperatures (-6 °C), additional insulation was 

Figure 4. Technical solutions for the construction of cold rooms: a) Schematic section of a masonry cold room; b) Construction of a cold 
room with a cork-based insulation system. (Source: Figure 4a from [18]; Figure 4b from [21]).
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achieved using mineral wool, then commercially known 
as Cotton Silicate [23].

The facility’s refrigeration system, manufactured in 
England by F&Hall of Dartford (UK), utilized carbon 
dioxide technology with a total capacity of 45,000 refrig-
eration units per hour [18]. This system supported 32 
cold rooms, designed to store various foodstuffs with a 
total volume of 6,500 cubic meters, maintaining temper-
atures between -7 °C and 2 °C [24].

In 1926, in response to growing demand for refrig-
erated storage, the Quartiere Scio, also located near 
the docks, was repurposed for this purpose, effectively 
replacing the Quartiere Tabarca. As a result, the refrig-
erated facilities in the Quartiere Tabarca were gradually 
dismantled, and the area was repurposed for general 
storage without specific temperature requirements [24].

3.3 Existing Conditions

The Quartiere Tabarca exhibits structural and func-
tional features typical of late 19th-century industrial 
buildings. The structure rises four stories, with each 
level internally divided into six sections (Figure 5a), 
separated by masonry load-bearing walls. The façades 
present a regular arrangement of openings, creating a 
consistent visual rhythm (Figure 5b). The southeast-
ern and northwestern elevations are currently plastered 

and painted, whereas the northeastern façade remains 
unfinished.

At present, all extensions facing Via Lercari and part 
of Via Rubattino have been demolished, though some rem-
nants of surface finishes can still be found on the north-
west elevation. Meanwhile, the southeastern façade retains 
a steel canopy that has suffered significant deterioration 
due to oxidation of its metal components and the complete 
lack of maintenance throughout the 20th century.

The flat roof has been repurposed to accommodate 
shared technical installations serving both the building 
itself and adjacent structures. Internally, most ground-
floor units have independent access from the exterior, 
and some feature internal mezzanines. These are com-
posed of hybrid timber-steel trusses, which are directly 
anchored to the building’s structural masonry. Vertical 
circulation is provided by staircases made from a com-
bination of timber, steel, and reinforced concrete, which 
have undergone significant degradation, as evidenced by 
the pronounced warping of the supporting beams.

On the upper floors, access is provided by a stairwell 
and an elevator, both located at the southernmost sec-
tion of the last bay. The horizontal circulation on each 
level is organized around a central corridor running 
along the eastern side, from which individual rooms are 
reached (Figure 5c).

The former layout of the cold storage areas is now 
challenging to discern. Still, their former presence is 

Figure 5. From top left to right counterclockwise: a) longitudinal section of the building; b) south-east view from Via Lercari; c) corridor 
on the east side of the building; d) interior wooden doors. (Source: Authors).
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indicated by several large, hermetically sealed wood-
en doors that once connected these spaces to adjacent 
rooms (Figure 5d). 

Inside, the upper floors remain unfinished, reveal-
ing the load-bearing masonry. The masonry follows a 
striped construction technique, consisting of horizon-
tal layers of solid bricks alternated with squared stone 
courses measuring approximately 85 cm in height (Fig-
ure 6a). The stone material, known as Promontorio 
stone, was widely employed in Genoese architecture and 
quarried in the Sampierdarena area [25]. Like the prima-
ry metal beams, the walls incorporate granite stiffening 
elements, enhancing their connection with the horizon-
tal structural framework.

At the surface level, the walls exhibit widespread 
deterioration, with clear evidence of multiple modifica-
tions over time. The presence of replastering, inconsisten-
cies in surface finishes, and areas of renewed, restored, or 
removed coatings reflect the numerous interventions car-
ried out on the building during the 20th century, none of 
which resulted in a comprehensive restoration. Addition-
ally, window frames have been partially replaced.

Beyond the absence of plaster and unfinished sur-
faces across much of the upper two floors, other visible 
signs of masonry deterioration include flaking, discolor-
ation, peeling, and cracks in the plasterwork. The cracks, 
particularly concentrated on the ground floor, are likely 
due to settlement in the masonry structure.

The load-bearing masonry is supported by interme-
diate floors composed of metal girders, upon which brick 
vaults are constructed (Figure 6b). The area above the 
vaults was originally filled with a lightweight cast mix-
ture based on lime and pozzolanic aggregates. A 3–5 cm 
thick lime screed was then applied over this layer, fol-

lowed by the final flooring. The building features a vari-
ety of floor types, differing in materials and structural 
patterns, each contributing to its historical significance. 
Notably, some sections of what is believed to be the orig-
inal flooring remain intact within the Tabarca factory, 
consisting of 8 cm thick stone tiles (Figure 6c).

3.4 Reuse and conversion design project

The proposed reuse project for the Tabarca building 
is designed to address the client’s functional needs while 
integrating contemporary architectural, technological, 
and infrastructural innovations. The intervention seeks 
to enhance energy efficiency, seismic safety, and social 
functionality, ensuring cost-effective management and 
maintenance while prioritizing the historical preserva-
tion of the structure.

The building will be repurposed as an Advanced 
Maritime Training Center for students of the Italian 
Merchant Marine Academy. The restoration project was 
executed using Building Information Modeling (BIM) in 
full compliance with current regulations (Figure 7a). 

The ground, first, and second floors will be dedi-
cated to academic and training activities, while the 
third f loor will accommodate student residences 
designed according to current regulations, with multi-
functional spaces balancing educational and residen-
tial needs. The distribution of spaces is based on the 
need to preserve the material and spatial integrity of 
the historical structure while implementing necessary 
functional adaptations. The architectural approach 
respects the original layout of Tabarca, minimizing 
demolition while optimizing spatial organization. The 

Figure 6. From left to right: a) masonry with courses of brick and Promontorio stone with the granite padstone where the floor beam ends; 
b) vaulted ceiling with metal joists; c) floor made with limestone elements. (Source: Authors).
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Figure 7. Restoration project of the Tabarca building: a) BIM model of the proposed design; b) ground floor plan of the proposed design; 
c) first floor plan of the proposed design. (Source: Authors).
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circulation layout is designed for clarity, accessibility, 
and spatial continuity.

At the ground floor, navigation simulators will be 
installed in dedicated classrooms. These high-tech sys-
tems replicate ship operations, enabling trainees to sim-
ulate real-world conditions, including port entries and 
exits in digitized maritime environments (Figure 7b). To 
enhance teaching effectiveness, mezzanine levels have 
been introduced in the simulation classrooms, allowing 
instructors to observe training activities from an elevat-
ed perspective.

The adaptive reuse strategy considers the spacious 
warehouse layouts at different levels. The upper floors 
are reorganized to accommodate student residences, 
maintaining the original structural configuration while 
optimizing the distribution of living spaces (Figure 7c). 

The middle floors are designated for academic activ-
ities, respecting the building’s historical geometry while 
introducing modern educational infrastructure. To com-
ply with safety regulations, a new vertical circulation 
system has been implemented, separating residential 
and academic functions through the installation of inde-
pendent stairwells and elevators. 

The design of the interventions was driven by the 
intent to respect the historical building and enhance 
its original structure. New partitions constructed using 
drywall systems are fully reversible, thereby preserving 
the integrity of the building’s original spatial configura-
tion. Particular attention was devoted to the conserva-
tion and enhancement of the original masonry arches 
along the corridor, achieved by inserting lightweight 
partitions designed to emphasize these features through 
the integration of seating elements and transparent pan-
els (Figure 8a). This approach not only safeguards the 
existing architectural components but also reinterprets 
them with new functions and renewed significance. 
Similarly, new internal claddings were introduced where 
required to accommodate technical systems; these were 
conceived with the same guiding principle, contributing 
to a balanced dialogue between preservation and inno-
vation (Figure 8b). An additional reversible interven-
tion, in line with the building’s conservation constraints, 
involved the use of non-invasive partition walls limited 
to a height of 2.70 meters (Figure 8c). These elements 
integrate building services while enabling flexible layouts 
for furnishings and equipment, all without compromis-
ing the original masonry.

The flooring follows a continuous system, blend-
ing with existing historical surfaces and enabling spatial 
reconfiguration through the repositioning of lightweight 
partitions. For the slab, a conservation-based approach 
is adopted. This involves cleaning vaulted surfaces and 

steel beams to remove deteriorated materials while pre-
serving the structural integrity of the brick vaults. If 
necessary, mechanical removal techniques will expose 
the original structural components, restoring their aes-
thetic and functional integrity (Figure 8d).

The functional reconfiguration of the Tabarca build-
ing culminates in the adaptive reuse of the rooftop. This 
area will be accessible to the public and will feature a 
green roof and photovoltaic panels, underscoring the 
project’s commitment to environmental sustainability 
(Figure 9a). The design sought to reconcile the goal of 
creating a usable space with the need to accommodate 
both existing and newly installed building systems. To 
this end, specific mitigation strategies were implemented, 
including the shielding of air handling units (AHUs) and 
drainage columns through corten steel cladding and steel 
framing systems (Figure 9b). This approach aims to rees-
tablish the material dialogue that characterizes the struc-
tural reinforcement interventions on the lower floors.

The intervention meets key regulatory requirements 
for seismic and fire safety. The seismic strategy preserves 
the building’s spatial layout by reinforcing foundations, 
strengthening existing structural openings, and upgrad-
ing localized slabs. For fire safety, a major issue was 
ensuring proper evacuation routes, resolved by adding a 
transparent glass enclosure on the north façade contain-
ing an independent steel-framed emergency stairwell. 
The addition improves safety while remaining reversible 
and architecturally integrated.

4. CONCLUSION

The study has highlighted the historical and tech-
nological significance of refrigerated warehouses, a rare 
yet highly relevant typology in the evolution of indus-
trial architecture between the late 19th and early 20th 
centuries. These buildings exemplify the integration of 
mechanical systems with architectural design, incorpo-
rating innovative construction solutions to ensure high 
thermal insulation performance and compliance with 
hygienic and sanitary requirements. Within this frame-
work, the Tabarca building emerges as a particularly sig-
nificant case, not only as the first refrigerated warehouse 
built in Italy but also for its strategic location within the 
Darsena of the Port of Genoa.

The original spatial configuration of the building 
has facilitated its adaptive reuse as an Advanced Mari-
time Training Center for the Italian Merchant Marine 
Academy. The generous interior spaces have allowed for 
the integration of student accommodations and dedi-
cated areas for high-tech navigation simulators, ensuring 
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that the new function aligns seamlessly with the build-
ing’s maritime heritage.

The Tabarca reuse project serves as a model for sus-
tainable repurposing of industrial heritage, contributing 
to the revitalization of an area already characterized by 
academic institutions. The intervention demonstrates the 
feasibility of a rehabilitation strategy that effectively bal-
ances technological innovation with heritage conserva-

tion, offering a replicable approach for the adaptive reuse 
of historical structures in port and industrial settings.
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Abstract. The Digital Image Correlation (DIC) technique is a non-contact, full-field 
optical method and a non-destructive evaluation approach that enables the measure-
ment of displacements and strain fields across an entire surface during experimen-
tal tests. This technique provides high-resolution data, enabling the measurement of 
global strain, the detection of localized strain concentrations and crack initiation, and 
monitoring the evolution of dominant damage mechanisms. DIC’s ability to capture 
both in-plane and out-of-plane displacements makes it a powerful tool for detailed 
structural assessment. This paper presents preliminary results on the application of 
the DIC technique during diagonal compression tests of 1.2 × 1.2 × 0.25 m³ unrein-
forced and strengthened clay brick masonry panels. The strengthening system consists 
of two Textile Reinforced Mortar (TRM) layers applied on both wall sides and con-
nected by helical stainless-steel connectors. Glass fiber bidirectional fabrics are used as 
TRM reinforcing meshes, embedded in a 30 mm thick lime-based mortar. A couple 
of CMOS cameras were used to apply the stereo-DIC algorithm and record the three-
dimensional displacement field during test execution. The displacement field obtained 
through DIC has been compared and validated with that obtained through the more 
common analog Linear Variable Differential Transformers (LVDT). The comparison 
highlighted the benefits and weaknesses of the DIC technique. 
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1. INTRODUCTION 

In recent decades, the topic of strengthening exist-
ing structures has been one of the most extensively 
investigated by researchers in the field. This interest 
encompasses both performance under static loads and 
resistance to seismic actions. Particular attention has 
been directed toward the reinforcement of masonry 
structures, both due to their widespread use and because 
they often involve buildings of significant architectural 
heritage [1-3]. This growing interest within the scien-
tific community has driven the advancement of innova-
tive strengthening techniques [4-7], particularly those 
leveraging composite materials. Composite materials are 
increasingly employed in structural repair and retrofit-
ting due to their exceptional strength-to-weight ratio, 
minimal impact on structural mass, ease of application, 
and versatility. These systems typically consist of high-
strength textiles, which may be unidirectional or multi-
directional, and are fabricated from materials such as 
aramid, basalt, carbon, glass, PBO, steel, or natural fib-
ers like flax, hemp, and jute. The textiles adhere to struc-
tural surfaces using organic matrices, such as epoxy, 
polyester, polyurethane resins, or inorganic matrices, 
including cement or lime mortars. Organic matrix sys-
tems are classified as Fibre/Steel Reinforced Polymers 
(FRP/SRP) when epoxy resins are utilized [8], or Fibre/
Steel Reinforced Polyurethanes (FRPU/SRPU) when 
polyurethane matrices with high deformability are 
employed. In contrast, mortar-based systems are known 
as Fabric Reinforced Cementitious Matrix (FRCM), Tex-
tile Reinforced Mortar (TRM) [9], or Steel Reinforced 
Grout (SRG) when steel textiles are used. 

The validation and performance assessment of rein-
forcement systems utilizing these materials, as well as 
the engineering and optimization of detailed aspects 
(e.g., compatibility between reinforcement and matrix), 
necessitate experimental campaigns, often involving full-
scale specimens. Such tests are essential for obtaining 
reliable results that can support the development of ana-
lytical models used by designers in the sector. To accu-
rately understand the mechanical behavior of specimens 
subjected to such tests, it is essential to record both the 
loads applied to the tested specimens and their corre-
sponding deformations. 

Standard test methods for determining mechani-
cal properties of masonry assembly generally prescribe 
the use of Linear Variable Differential Transformers 
(LVDTs) to monitor displacements during tests. If prop-
erly used, these instruments have a virtually infinite life 
cycle, but they can incur damage if adopted in destruc-
tive tests, causing high repair or replacement costs. Some 
standards recognize this problem, allowing the removal 

of the LVDT instrumentation before reaching the speci-
men collapse, ASTM E519-22 [10]. 

Moreover, in these cases, crack formation or non-
uniform load distribution may affect the results without 
being properly detected, especially when matrix dam-
age may disrupt the reading of the measurement devices, 
making displacement data unavailable, unreliable, or not 
representative of the global behavior. 

In addition, the use of traditional sensors can, in some 
cases, complicate the experimental setup preparation for 
various reasons: their size can be problematic (particu-
larly with small specimens), they often require initial cali-
bration, and they need to be mechanically fixed  to the 
specimen (typically through adhesive bonding, although 
mechanical fastening is required when the substrate does 
not permit adhesion). Finally, these sensors are sensitive to 
voltage fluctuations and provide data limited to the specific 
portion of the specimen where they are applied. 

To overcome these drawbacks, in the last few years, 
several full-field contactless optical measurement tech-
niques have been developed for measuring displacements 
during experimental tests in place of more common 
LVDTs [11-13]. Among others, the Digital Image Cor-
relation (DIC) technique has become one of the most 
promising measurement methods, obtaining significant 
information on the strain state of the material/structure 
with a complete reconstruction of the crack pattern [14]. 
For this reason, it has been widely used in several fields, 
reaching a relatively advanced knowledge of testing set-
ups and data processing [15-20]. The accuracy of such 
a technique is undoubtedly growing as the resolution of 
the optical recording instruments increases. 

DIC is a contactless full-field optical technique for 
measuring displacements during experimental tests that 
can be potentially used in place of LVDT instrumenta-
tion to avoid damaging instrumentation during tests of 
full-scale walls. However, despite DIC being successfully 
used in several fields, such as for the characterization 
of building materials [21-22], its potential application 
in testing full-scale walls has not yet been thoroughly 
investigated [23]. 

For this reason, this paper presents the preliminary 
results of an experimental campaign to evaluate the 
potential of the DIC technique for monitoring the dis-
placement of masonry walls during experimental tests. 
In particular, the results of diagonal compression tests on 
two unreinforced and two strengthened masonry walls 
with dimensions of 1.2 × 1.2 × 0.25 m3 are reported. The 
adopted strengthening system consists of two layers of 
TRM, which is a promising alternative to fiber-reinforced 
polymer (FRP) composites or the shear and out-of-plane 
strengthening of existing masonry structures due to their 
higher compatibility with historic masonry substrates, 
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higher vapor permeability, reversibility, and resistance to 
UV radiation and high temperatures [24-26].

A stereo-DIC technique was used to record the 
three-dimensional displacement field during diagonal 
compression tests. A comparison between DIC results 
and those obtained through the more common analog 
LVDTs is reported. Finally, the nominal tangential elas-
tic moduli obtained from the two measurement systems 
are computed and compared. 

2. MATERIALS AND METHODS 

2.1. Materials 

Four masonry walls with dimensions of 1.2 × 1.2 × 
0.25 m³ were built using fired clay bricks measuring 250 
× 120 × 55 mm³ (with an average compressive strength 
of 30 MPa) and commercially available lime mortar in 
10 mm thick joints. Two of these walls (M1, M2) were 
left unreinforced, while the other two (MR1, MR2) were 
reinforced using a Textile Reinforced Mortar (TRM) sys-
tem applied to both sides of the walls. 

The TRM reinforcement system consisted of a bidi-
rectional alkali-resistant (AR) glass fiber grid (density 
280 g/m2) coated with a polyvinyl alcohol layer (Fig. 
1). This grid was embedded in a 30 mm thick layer 
of a fiber-reinforced, hydraulic lime-based matrix. To 
enhance the connection between the TRM layers and 
the wall, stainless-steel helical connectors with a nomi-
nal diameter of 8 mm and a tensile strength of 830 MPa 
(as provided by the manufacturer) were installed (Fig. 
1). These connectors were bent over the glass fiber grid 
for a length of approximately 100 mm, ensuring a robust 

mechanical bond. A similar TRM reinforcing approach 
was tested and described in detail in [27]. 

The geometrical and mechanical properties of the 
glass fiber yarn of the fabric are provided in Table 1, 
while the mechanical characteristics of the inorganic 
mortar, evaluated following EN 1015-11 [28] and EN 
12504-4 [29], are 100 summarized in Table 2. 

2.2 Methods 

The tests were carried out according to the standard 
ASTM E519-22 [10]. A monotonic force-controlled diago-
nal load with a loading rate of about 1 kN/s was applied 

Figure 1. Geometrical characteristics of the glass fiber fabric and stainless steel helical bar adopted in this study. Dimensions in millimeters. 

Table 1. Geometrical and mechanical properties of the glass fiber 
yarns of the fabric: equivalent thickness (s), tensile strength (fft), 
ultimate deformation (εf ), and elastic modulus (Ef ), according to 
the technical sheets provided by the manufacturer.

Material s [mm] fft [MPa] εf [%] Ef [GPa] 

Warp yarn 0.0339- 1600 1.7 58 
Weft yarn 0.0339- 1570 1.7 61 

Table 2. Mechanical properties of the mortars: compressive 
strength (fMc), flexural strength (fMb), and elastic modulus (Ed). 

Material 
fMc [MPa] / 
COV (%) 

fMb [MPa] / 
COV (%) 

Ed [GPa] / COV 
(%) 

Masonry mortar 4.78 / 4.73 1.78 / 0.91 9.25 / 1.30 
TRM matrix 8.35 / 2.86 3.56 / 3.89 12.32 / 1.10 



108 Gianluca Maracchini et al.

on the bottom corner of the specimens using six hydrau-
lic jacks with a total compression capacity of 3000 kN, 
similar to the ones used in [30-32]. The experimental 
setup is reported in Fig. 2.  

To minimize friction, ensure uniform load distribu-
tion, and avoid directly loading the two TRM reinforce-
ment layers, neoprene pads were placed at the loaded 
corners of the masonry walls. To monitor displacements 
during the tests, four Linear Variable Differential Trans-
formers (LVDTs) were installed on the wall surfaces, 
with two sensors on each side (see Fig. 2). 

The data from the LVDTs were recorded using a Spi-
der8 data acquisition system running Catman software, 
operating at a sampling frequency of 2 Hz. Among the 
LVDTs, sensors LVDT 1 and LVDT 3, positioned on the 
wall face monitored by the Digital Image Correlation 
(DIC) system, were employed to measure horizontal and 
vertical displacements, respectively, for comparison with 
the results obtained through the DIC technique. 

For the strengthened masonry panels, the LVDTs 
were mounted directly onto the surface of the TRM lay-
ers (see Fig. 2), ensuring that the displacement meas-
urements accounted for the behavior of the reinforced 
assembly. This setup enabled an accurate evaluation of 
the consistency between traditional point-based meas-
urement techniques and the DIC method, providing 
insights into the reliability and applicability of DIC for 
tracking displacement fields in both unreinforced and 
reinforced configurations. As an example, Fig. 3 shows 
the images of an unreinforced and a reinforced specimen 
before the execution of the diagonal compression test. 

For the scope of this work, the nominal stresses 
were computed by referring to the masonry section only, 
i.e., without considering the thickness of the two TRM 
layers. Future studies will verify the accuracy of this 
assumption to determine the actual mechanical prop-
erties of the strengthened masonry walls. Then, the 
nominal shear stress was computed as τ = 0.707 P/An 
according to ASTM E519-22 [10], where P and An are the 
applied load and the net cross-sectional area of the unre-
inforced masonry wall, respectively. The shear strain was 
obtained through LVDT measurements as γ = εv + εh, 
where εv and εh are the average strains, in absolute value, 
along the compressive and tensile diagonals of the pan-
els. Then, the shear stiffness modulus of the wall (G) was 
computed by linear regression of the τ-γ experimental 
curve between 10 and 40% of the maximum strength. 

2.3. Digital Image Correlation 

The displacements and the strains of the wall sur-
face were measured by using a 3D-DIC technique, which 
consists of the acquisition, during tests, of digital pic-
tures of the frontal surface of the specimen, previously 
painted with a speckle pattern with black and white dots 
(or with black dots only in the strengthened case due 
to the light gray surface) and illuminated by a halogen 
lamp. In this work, two complementary (CMOS) digital 
cameras (model Pixelink® B371F) were used. The main 
characteristics of the cameras are given in Table 3.  

The cameras were calibrated in a common global 
system by means of the Matlab Calibration Toolbox. 
Calibrating a stereo vision sensor is required for deter-
mining the intrinsic parameters of each camera and the 
relative position and orientation, and then to compute, 
by stereo-triangulation, the 3-D coordinates of a point 
corresponding to matched pixels on the two images. In 
this work, the calibration procedure involved repeated 
acquisitions of a regular target (consisting of a 10×10 
dots grid, 100 mm pitch, and 40 mm of dot diameter), 
moved in different positions within the working vol-

Figure 2. Experimental apparatus for compression tests and right-
handed 3D-DIC coordinate system. 
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ume. Calibration data are presented in Table 3, which 
also reports the quantitative calibration errors, expressed 
as the standard deviations of the displacement meas-
urements and the resulting strains. These values were 
obtained by acquiring a series of stationary images prior 
to specimen testing. This procedure was employed to 
evaluate the performance of the correlation technique 
and the accuracy of the strain measurements. No sys-
tematic bias was detected, as the average strain values 
show small random fluctuations around zero. The stand-
ard deviations are approximately constant and are on the 
order of 100 microstrain. 

Fig. 4a shows a typical picture recorded by one cam-
era with an overlaid measurement grid. The subsets dis-
cretization used for the DIC analysis was 20×20 pixels, 
with a measurement point every 30 mm. The subset size 
of 20 × 20 pixels was selected as a compromise between 
spatial resolution and correlation robustness, in accord-
ance with previous studies [13] Fig. 4b shows the 3D grid 
calculated by stereo triangulation with the schematic 
position of the two frontal cameras. 

After testing, the digital images acquired were post-
processed by an in-house developed 3D-DIC software. 

The grid of the elements is initially defined on the 
undeformed image of camera 1. To determine the cor-
responding grid on the undeformed image of camera 2, 
the epipolar constraint given by the fundamental equa-
tion of Longuet-Higgins (1) is used: 

� (1)

where  and  are the corresponding points of the two 
cameras, and F is the essential matrix depending on the 
calibration parameters of the cameras. Based on global 
DIC, the correlation method between the deformed 
images incorporates the same epipolar constraint and 
the assembling approach of the Finite Element Method. 
The displacements of all grid measuring points were 
obtained by minimizing the correlation error computed 
all over the current frame with respect to the reference 
frame [33] calculated with the following expression:

� (2)

where Xd and Xu indicate the coordinates of the 
deformed and undeformed grid nodes, respectively, 

b Figure 3. Unreinforced specimen (a) and a reinforced specimen (b) prior to the diagonal compression test. 

(a) (b)
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while Sid and Siu indicate the sub-images associated 
with the i-th element on the deformed and unde-
formed image. 

The zero-mean sum of square difference (ZSSD) cri-
terion was adopted to avoid the effects of lighting offset 
and inhomogeneity. Outputs were obtained by referring 
to the right-handed coordinate system shown in Fig. 4. 
Strains (εx, εy, and γ) were computed using the Cauchy-
Green theory, starting from the 3D node displacements. 

3. RESULTS 

In Fig. 5, the results of the diagonal compression 
tests in terms of nominal τ-γ curves are reported. The 
unreinforced walls were characterized by quite a lin-
ear behavior until reaching the maximum shear stress 
(about 0.9 MPa), after which the sudden collapse of the 
specimen occurred due to the reaching of the principal 
tensile strength of the masonry near the wall center. 
As expected, a slightly stiffer (and stronger) behavior 
is obtained for the strengthened panels, characterized 

Table 3. Optical setup and calibration parameters of the adopted cameras: fx and fy are the focal length in pixels, cx and cy are the principal 
point coordinates, Tx, Ty, Tz are the translation vector, and αx, αy, αz are the rotation vector. 

  Camera 1 Camera 2 

Sensor  [Type] CMOS CMOS 
Sensor pixel size [μm] 6.8 × 6.8 6.8 × 6.8 
Sensor resolution [pixel] 1280 × 1024 1280 × 1024 
Frame rate [fps] 2 2 
Lens [Type, mm] C mount, 25 C mount, 25 
Working distance [mm] 2500 2500 
Sensor noise [gray level, dB] 0.94, −19 0.94, −19 
Subset size [pixel, mm] 20, 30 20, 30 
Displ. accuracy (st. dev) [pixel, mm] ±[0.02, 0.05] ±[0.02, 0.05] 
Strain accuracy (st. dev) [mm/mm] ±0.0001 ±0.0001 
Calibration data
fx – fy [pixel] 1830 - 1828 1815 - 1809 
cx – cy [pixel] 716 - 480 583 - 488 
Tx – Ty – Tz [mm] 450 – 593 – 2874 
αx – αy – αz [rad] 0.3491 – 0.0557 – 0.8327  

Figure 4. (a) Picture with overlaid grid, (b) 3D grid point and calibration reference frame.

(a) (b)
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by a first linear part of the curve until the crack of the 
TRM layers (at about 1.3 MPa), also reaching a higher 
deformation value. No detachment at the TRM matrix-
to-substrate interface was observed during the test, indi-
cating a good bond of the inorganic mortar with the 
masonry substrate.

Fig. 6 and Fig. 7 show horizontal, vertical, and out-
of-plane displacements (dx, dy, and dz, respectively) 
obtained from DIC measurements for two representa-
tive walls (M1 and MR2, respectively). In particular, the 
displacements related to 3 different moments during the 
test are plotted (t1, t2, and t3, see Fig. 5). Specifically, for 
the strengthened masonry wall, t₁ corresponds to the 
moment when the initial cracking occurred  t₃ marks the 
end of the test, and t₂ represents an intermediate point 
in time between t₁ and t₃. For the unreinforced masonry 
wall, t₃ corresponds to the instant at which the specimen 
failed; t₁ refers to the moment when the applied load 
reached half of the peak (failure) load; and t₂ represents 
the intermediate time instant between t₁ and t₃. 

From the dx and dy displacement maps, it is possible 
to observe that, during the test, the masonry walls were 
not subject to a uniform upward displacement, but they 
had a slight rotation with respect to the normal axis of 
the masonry wall surface. Moreover, dz allowed verify-
ing the occurrence of out-of-plane rigid rotations of the 
walls. This behavior cannot be observed if a bidimen-
sional DIC algorithm is adopted. Comparing the maps, 
it can be observed that the unreinforced wall has a brit-
tle behavior, while the strengthened one has a ductile 
behavior. In fact, at the maximum load of the strength-
ened panel (t2), multiple cracks propagated through the 
TRM layer until the panel collapses (t3). 

From the 3D node displacements, strain values 
before collapse were calculated. Fig. 8 shows the maps of 
the shear strain γ for unreinforced masonry walls (M1) 

and for strengthened masonry walls (MR2). The strain 
maps, shear and Von Mises strain, were used to evalu-
ate the evolution of specimen cracking during the test: 
in the maps of Fig. 8, red concentrations of shear strain 
indicate the areas where specimens cracked. 

Finally, Fig. 9 shows the τ-γ curve for one unrein-
forced and one strengthened wall calculated with the 
values measured with the LVDTs according to the stand-
ard ASTM E 519-22 [10] and the curve obtained with the 
results of the DIC. The DIC shear stress-strain curves 
showed similar trends to those obtained with LVDT. The 
shear deformation γ obtained with the DIC was calcu-
lated as the average of the values of the whole surface 
of the wall. The oscillations of the curve obtained with 
the DIC technique depend on the cameras’ non-opti-
mal positioning. In particular, due to the large support 
frame, the cameras were placed with too large an angle 
between the optical axes and a consequent non-optimal 
illumination. Despite this, a similar trend is obtained 
in the first part of the two curves, from which the shear 
modulus G is computed. In particular, the deviations 
occurring at 0.8 MPa for the strengthened wall depend 
on the out-of-plane deflection of the wall and the con-
sequent parallax error between the two cameras, due to 
the presence of the LVDTs.  

This issue highlights the need for improved integra-
tion of the experimental setup. Future configurations 
should consider the use of an increased number of cam-
eras (e.g., 4–5) to achieve a more accurate reconstruction 
of the surface geometry and to reduce occlusions and 
parallax effects in areas where physical sensors are pre-
sent. Additional strategies include the adoption of optical 
markers in place of physical sensors near critical regions 
and the implementation of pretest alignment and cali-
bration protocols to minimize misalignment errors and 
enhance system compatibility. 

4. CONCLUSION 

This study explores the potential of Digital Image 
Correlation (DIC) as an advanced and versatile tool for 
assessing the mechanical behavior of masonry walls 
during diagonal compression tests. By comparing DIC 
measurements with those obtained from traditional 
Linear Variable Differential Transformers (LVDTs), 
the research highlights the ability of DIC to provide 
detailed, full-field displacement and strain data. This 
capability is particularly valuable for capturing complex 
structural responses, including in-plane and out-of-plane 
deformations, as well as the evolution of crack patterns 
and damage mechanisms. Figure 5. Stress-strain curves τ-γ obtained from LVDT for unrein-

forced masonry walls (M1 – M2) and strengthened (MR1 – MR2).
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Figure 6. Displacements (mm) maps obtained from DIC for unstrengthened unreinforced masonry walls (M1). 

Figure 7. Displacements (mm) maps obtained from DIC for strengthened masonry walls (MR2). 
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The results demonstrate that the strengthened 
masonry walls, reinforced with a Textile Reinforced 
Mortar (TRM) system, exhibit significantly enhanced 
mechanical performance compared to unreinforced 
walls. Specifically, the TRM layers improved stiffness, 
increased peak load capacity, and delayed the crack 
propagation, leading to a more ductile failure mode. 
These findings underscore the effectiveness of TRM as 
a strengthening technique, especially for applications 
involving historic masonry structures where compatibili-
ty, reversibility, and durability are critical considerations. 

The study also underscores the unique advantages 
of DIC over conventional point-based measurement sys-
tems. While LVDTs are limited to discrete measurement 
points, DIC offers a comprehensive view of the deforma-
tion behavior across the entire specimen surface. This 
feature is particularly advantageous in capturing non-
uniform deformation patterns, such as localized rota-

tions or out-of-plane displacements, which might other-
wise go undetected. Despite some technical challenges, 
such as suboptimal camera positioning and illumination, 
the DIC technique provided results that closely aligned 
with those from LVDTs, particularly in the linear por-
tion of the load-displacement curves. 

However, some discrepancies in the later stages of 
loading were observed, primarily attributed to paral-
lax errors and the influence of LVDT hardware on DIC 
measurements. Future studies should focus on refin-
ing the experimental setup to address these limitations. 
Improvements in camera alignment, lighting conditions, 
and the minimization of interference from traditional 
measurement devices will enhance the accuracy and reli-
ability of DIC data. 

Moreover, this research demonstrates the poten-
tial for DIC to serve as a complementary or alternative 
tool to traditional methods in experimental campaigns 

Figure 8. Maps of shear strain γ obtained from DIC for unreinforced masonry walls (M1) and for strengthened masonry walls (MR2). 

Figure 9. Stress-strain τ-γ curves obtained from LVDTs and DIC for a representative unreinforced and strengthened masonry wall.
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involving full-scale specimens. By providing high-res-
olution, three-dimensional data, DIC enables a more 
nuanced understanding of structural performance, pav-
ing the way for improved modeling and analysis tech-
niques. Integrating DIC into experimental workflows 
can facilitate the development and validation of innova-
tive strengthening solutions, particularly for masonry 
structures subject to complex loading scenarios. 

In conclusion, the findings of this study confirm the 
utility of DIC as a robust and reliable method for struc-
tural assessment. Its ability to capture detailed displace-
ment fields, coupled with its non-invasive and versatile 
nature, makes it a valuable tool for future research and 
practical applications. Although the present study was 
conducted under controlled laboratory conditions, the 
proposed method shows potential for scalability to on-
site applications. However, further investigation is need-
ed to address practical challenges such as lighting, sur-
face texture, and environmental variability. Continued 
exploration of DIC’s capabilities will further enhance 
its role in advancing the field of structural engineering, 
particularly in the development of sustainable and effec-
tive reinforcement strategies for existing structures.  
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Abstract. In Europe, the increasing demand for public education between the 1950s 
and 1960s prompted extensive school-building programs. The design of these new 
schools was supported by updated pedagogical theories, which inspired a rethinking 
of building layouts. From a technological point of view, intensive experimentation with 
prefabricated construction systems was carried out to meet emerging design concepts 
for school buildings, as well as to accelerate construction and reduce costs. Nowa-
days, late 20th-century school buildings have emerged as fragile architectural heritage, 
characterized by experimental technological solutions that require the development of 
customized preservation approaches. This contribution presents a philological digital 
platform to document and analyze exemplary late 20th-century school buildings: this 
platform aims to support the conception of a novel preservation strategy driven by the 
principles of the circular economy. The analysis is framed within the broader scenario 
of participatory practices for the experimental preservation of late 20th-century public 
building heritage.

Keywords:	 BIM, GIS, Archival research, Selective dismantling, Reuse.

1. INTRODUCTION

In Europe, between the 1950s and 1960s, the increasing demand for pub-
lic education prompted extensive school-building programs [1]. In Italy, a 
special program of ‘experimental school buildings’ was launched in 1961 and 
coordinated by the “Centro Studi per l’Edilizia Scolastica” of the Ministry of 
Public Education (Ministero della Pubblica Istruzione) [2]. The program sup-
ported the construction of a significant number of school buildings between 
1961 and 1980. These schools featured prefabricated construction systems 
to speed up building and minimize expenses. At the same time, new peda-
gogical theories inspired a rethinking of school layouts, which became based 
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on the modularity and flexibility of school spaces. This 
pushed the experimentation of easy-to-assemble and dis-
assemble construction systems, mostly based on light 
prefabrication [3]. Over time, late 20th-century prefab-
ricated school buildings have faced a generalized lack of 
acceptance from user communities. They have also aged 
poorly, requiring significant maintenance and upgrade 
interventions, and have emerged as a fragile and exten-
sive building stock that urgently requires the develop-
ment of customized preservation approaches [4].

According to the European Union Cohesion Policy 
(EUPC), improving school buildings is an opportunity 
to strengthen both the Integrated Territorial Invest-
ment (ITI) and the Community Led Local Development 
(CLLD) strategies in relation to the urban and social 
role of school buildings [5]. Within this framework, 
since the school system is increasingly perceived as a 
common good, the lack of acceptance of prefabricated 
school buildings by user communities represents a sig-
nificant issue that often favors demolition over conser-
vation. The implementation of participatory practices – 
involving end-users in the upgrade process of the school 
buildings – can be effectively exploited to broaden the 
field of their preservation, including through experi-
mental approaches [6].

In this context, Construction History studies, based 
on the analysis of documentary sources, play a crucial 
role in increasing awareness within communities about 
the tangible and intangible values of the prefabricated 
school building heritage. This supports the classification 
of a specific cluster of 20th-century cultural and techno-
logical heritage. Digital approaches in Construction His-
tory – especially those related to philological BIM [7-10] 
– facilitate the extraction and organization of historical 
and technical data to be used in actual maintenance and 
preservation scenarios. This is achieved through the pro-
duction of structured digital archives and data-analysis 
tools related to the history and technology of the build-
ings [11]. The current literature proposes a significant 
reference framework related to the use of BIM as a docu-
mentation tool to support the knowledge, preservation, 
and valorization of contemporary building heritage [12-
14]. Nevertheless, the use of BIM for organizing archival 
document-based knowledge is still an emerging topic 
[15,16] that requires further insights.

Under these premises, on the one hand, the article 
presents the construction of a philological digital plat-
form to document and analyse exemplary prefabricated 
school buildings of the late 20th Century, serving fur-
ther as a data-analysis tool to support preservation strat-
egies based on circular economy-driven practices within 
the recent literature and regulatory framework related to 

the application of the Minimum Environmental Criteria 
(CAM) [17-18]. On the other hand, the article presents 
the application of the digital platform to an Italian case 
study, testing the tools to support a specific preservation 
approach based on ‘selective dismantling’ and the reuse 
of building components. In this latter sense, the article 
aims to provide evidence for the use of the philological 
digital platform as a decision-making tool to broaden the 
practice of selective dismantling and the reuse of build-
ing elements within Italian professional communities.

The paper is structured as follows: Section 2 pre-
sents the methodology adopted for the construction 
of the philological digital platform, relying on the BIM 
approach; Section 3 presents the application of the digi-
tal platform considering a case study of 15 school build-
ings, functioning as kindergartens, which feature the 
patented ‘Benini’ construction system composed of pre-
cast concrete elements; Section 4 presents the results of 
four workshop experiences related to the participative 
implementation and testing of the philological digital 
platform with different users-clusters and stakeholders. 
Conclusions and future research perspectives are pre-
sented in Section 5.

2. THE CONSTRUCTION OF THE PHILOLOGICAL 3D 
INFORMATIVE MODEL

The proposed methodology –as shown in Figure 1– 
relies on the extended use of a BIM-based web platform, 
designed and developed to meet the following key func-
tionalities: i) digital archive of the historical and techni-
cal documents related to the design, construction and 
operational life of the single building; ii) information 
management tool for the organisation and the represen-
tation of the historical and technical data derived from 
the documentary analyses; iii) analytical tools to inter-
rogate data related to the building, supporting the simu-
lation of scenarios related to the potential disassembly 
and reuse of the building components; iv) production of 
interoperable dataset in user-friendly tabular format and 
integration of informative data in a webGIS platform. 

The construction of the BIM model develops into 
subsequent phases, leveraging a philological approach: 
1) comparative analyses of the historical documents, 
overlapping and intersecting data derived from the dif-
ferent sources, and preparation of the model source data; 
2) definition of the structure of the model and the nam-
ing scheme of the digital objects and related documen-
tary sources; 3) geometric modelling and information 
enrichment of the model; 4) definition of a specific set 
of parameter dedicated to the assessment of the poten-
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tial disassembly of the building elements; 5) production 
of interoperable dataset in tabular format and automat-
ic generation of informative field, related to the single 
building, in GIS format.

To meet the design functionalities, the model refers 
to the “Level of Information Need” (LOIN) concept 
[19-20]. According to the purpose of the BIM and the 
limited dimensions of the school buildings, both the 
geometry and the informative parameters concern the 
single construction components. The granularity of the 
information supports the in-depth study of the connec-
tion, regarding both the structural and non-structural 
components of the buildings, to assess the disassembly 
potential of each building component. From the inter-
operability protocols, the methodology relies on the 
definitions defined by the Industry Foundation Stand-
ard (IFC) and on the use of datasets, using tabular data 
standards CSV. The Revit platform is utilised for geo-
metric and informative modelling, leveraging the soft-
ware’s native functionality to extract data in a tabular 
format. The webGIS platform’s informative enrichment, 
based on a tabular data frame, utilises a basic Python 
code executed on the QGIS console. 

3. THE CASE STUDY

In 1971, the Italian Ministry of Education launched 
a tender for the design and construction of 15 single-sto-

rey prefabricated buildings for kindergartens in various 
municipalities across north-central Italy [21]. 

The Benini company was awarded the contract for 
15 buildings, containing 3 or 6 classrooms each. They 
utilised a proprietary construction system, patented by 
Celestino Benini in 1975 (Italian patent n. 1036570), 
developed in collaboration with architect Luigi Pellegrin. 
This system comprises five prefabricated reinforced con-
crete elements: columns, beams, wall panels, and roof 
panels, which can be assembled in various configura-
tions. Based on the ‘Gaburri-Structurapid’ system [22], the 
columns are hollow elements requiring on-site concrete 
casting. Patented in 1975, the system is adaptable to both 
single-storey and multi-story buildings. It relies on the 
assembly of precast elements, varying in shape according 
to three configurations (A, B, and C) detailed in the 1975 
patent. For the kindergarten project, configuration C was 
selected; the first two configurations were used for two 
different types of multistorey school buildings, designed 
by Pellegrin between 1970 and 1975 [2, pp. 110-123]

The system allows the creation of modular spaces 
with custom-designed furnishings. The building plan 
is organised around a 7.20 × 14.40 m modular grid, 
resulting in overall dimensions of 27 × 25 m. An off-
centre entrance hall leads to an open space featuring a 
lowered central area for everyday pedagogical activities. 
The three classrooms, each with expansive ribbon win-
dows, are situated on the opposite side. The construc-
tion involves the straightforward assembly of the five 

Figure 1. Workflow adopted for the construction of the philological digital model (© the authors, 2025).
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structural elements, starting from the ground up. Col-
umns are positioned at the modular grid intersections, 
supporting inverted V-shaped beams. Shaped wall pan-
els, spaced 1.20 m apart, are then erected on the beams. 
Floor slabs rest on these panels, forming skylights where 
they align with the beams. The perimeter walls have a 
specialised design to accommodate the hanging of exter-
nal wall panels, secured by mechanical joints. 

Today, the 15 buildings are in different states of 
maintenance, ranging from fully functional to aban-
doned (Table 1). Those that are still in use suffer from 
significant issues with rainwater drainage and have been 
heavily modified by the addition of roofing structures or 
poorly executed maintenance interventions on the win-
dow systems, both of which disregard the original design 
constraints and technological solutions.

3.1 The application of the philological 3D information 
model in selective dismantling and reuse scenarios

Following the proposed philological BIM method-
ology, a model of the 15 ‘Pellegrin-Benini’ prefabricated 
school building was developed utilizing the Revit plat-
form and relying on interoperability protocols based 
on the combined use of IFC standards and tabular data 
standards CSV. The CSV data frame is used for the auto-
matic informative enrichment of the Shape file via the 
QGIS Python console, facilitating subsequent webGIS 
integration.

The modelling process is divided into three main 
phases: 1) modelling of the ‘protype-building’: this 
involves creating a detailed digital model of a typical 
building based on the original design documents; 2) 
model update: updating the 15 individual building mod-
els to reflect their current state, based on fast surveys; 3) 

data export: extracting geometric and informative data 
using interoperability standards, such as IFC and CSV; 
4) georeferencing of data: provide simplified and geo-
localised 3D representation of the building featured by 
key informative field, automatically enriched from the 
parse of the CSV dataset.

The elaboration of the source data (Figure 2) of the 
‘protype-building’ model develops via the iterative cross-
reference information from three sets of key documents: 
technical and calculation reports submitted within the 
tender launched by the Ministry of Education, accom-
panied by executive drawings of the structural elements 
(conserved by Ministry of Education Archive, Experi-
mental School Founds, Italian Central State Archive); 
the patent drawings for the Benini construction sys-
tem (conserved by Italian Patent and Trademark Office 
Archive, Italian Central State Archive); and construction 
site photographs taken by the architect (conserved by 
Luigi Pellegrin Archive, CSAC Parma).

Geometric and informative data were extracted from 
these key documents, which were subsequently ordered 
and classified using unique alphanumeric codes (IDs) 
assigned accordingly to the defined relational structure 
of the digital model. In this specific case, the hierarchy 
of the elements composing the construction system – 
pillars, beams, walls, and the two types of panels – was 
translated into a definition of categories of the digital 
object composing the model, related through a three-
level hierarchical structure. Within the relational scheme 
of the digital model, the category of beams (B), the one 
of the walls (W), and the one of the pillars (P) represent 
the first hierarchical level; the two types of panels (p), 
the second level, while the architectural elements such 
as the façade and the roof windows, the third. Accord-
ing to this hierarchical scheme, the nomenclature of all 

Table 1. Pellegrin-Benini School Buildings in Italy (data from the Italian Ministry portal “Scuola in chiaro” and Google Maps, 2024).

Municipality Location Geographic Coordinates Current Function

Alba Strada Rorine 44°41’24.6’N 8°01’24.13E Primary school
Chivasso Via Paleologi 45011331.5” N7053’03 93E Primary school
Rivoli Via Antica Rivoli 45°04’44.7’N 7030’53.3” E Primary school
Lodi Via Lago di Como 45°18’40.2N 9030’42 1” E Primary school
Morbegno Via Prati Grassi 46°08’19 3” N9034’04.7°E Primary school
Spinea Via Donizetti 45°29’14.2’N 12°09’ 48 4” E abandoned building
Arezzo Via Carlo Pisacane 43027’46 4’N 11°51” 35 9” 5 Primary school
Prato Via Galcianese 43052’47.4’N 11°04’54.0’E Primary school
Civita Castellana Via Salvator Allende 42°17’55.9’N 12°24’26.2E Primary school
Lucca Via Vecchi Pardini 43050’47.7N 10028’51.0” E Primary school
Latina Via Milazzo 45026’45.0’N 9°05’47.4” E abandoned building
Cesano Boscone Via XXV Aprile 45026’45.0’N 9°05’47.4”E Primary school



121A Philological Digital Platform to Experimental Preservation: Upcycling the Prefabricated School Buildings Heritage

the digital objects of the model featured the assignment 
of IDs, ensuring the correlation between the individual 
digital object and the represented building component. 
Furthermore, the ID that identifies the single building 
component is assigned to the related set of documents, 
thereby ensuring a bilateral informative flow between 
the documentary sources related to the model and each 
digital object representing the building components. 

The geometric model was developed through the 
segmentation into nested objects, with increasing lev-
els of detail. For instance, the digital objects represent-
ing the reinforcement of beams, pillars, and walls were 
developed, based on data from the original execution 
drawings and calculation reports, as “local models” 
correctly nested within the ‘B’, ‘P’, and ‘W’ general cat-
egories. 

In this sense, each category of elements presents a 
detailed dataset regarding general geometric features, 
the data related to the history of the building, and the 
characteristics of the building material. Furthermore, 
the local models are exploited as an internal source to 
generalise and expand the related informative set to all 
the components of the building, exploiting standardi-
sation. This procedure assures, on the one hand, the 
embedding of specific detailed information, guarantee-
ing, on the other hand, the fast usability of the model 
without informative data loss (Figure 3).

The “model update” phase focuses on the integra-
tion of the actual state of the 15 buildings, starting from 
the ‘Type-Building’ philological model. In particular, the 
update focuses on integrating novel geometries of roof-
ing window systems, derived from fast photographic 
analyses or the analysis of documents concerning main-
tenance interventions stored in the technical office of 
individual school buildings. In this sense, the case of the 
school buildings of the Chivasso Municipality stood out 
for the construction of a superimposing steel structure 
without any relation to the original design of the school.

The “data extraction” phase relies on the creation of 
an interoperable data frame based on a standard tabular 
format (CSV). More specifically, by leveraging the IDs 
of the individual digital objects, the information con-
tent of the model can be easily represented in tabular 
format, without losing the semantic association with the 
related building components. Each element of the mod-
el, identified by its ID, corresponds to a comprehensive 
dataset, organised at multiple levels concerning history, 
geometry, construction details, material characteristics, 
and actual state. The datasets are extended to the docu-
mentary sources, integrating hyperlinks to the key docu-
ments, previously labelled by the corresponding IDs.

The final step of the workflow supports the manage-
ment of the 15 school buildings at the territorial scale, 
processing data related to the single building in the urban 

Figure 2. Table of the source data of the “prototype-building” model (© the authors, 2025).
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context. The informative data extracted from the model 
in tabular format are processed to automatically enrich 
a webGIS platform, based on an SQL spatial database 
and directly connected to a web viewer. The 15 schools 
are localised and associated to simplified representa-
tion, embedding a set of informative parameters directly 
derived from the BIM – exploiting the Phyton code-based 
parse of the data frame in table format run by the QGIS 
console – including the set of main quantitative and quali-
tative data concerning each building components (ID, age, 
number, weight, state of decay, disassembly index).

The actual state of the 15 school buildings requires 
the development of specific strategies to manage their 
next future conditions, including experimental pres-
ervation actions. In this sense, discussing the future of 
the 15 school buildings in the broad framework of the 
optimisation of the resources in the construction sec-
tor, a possible path can be the assessment of the poten-
tial disassembly of the school building according to the 
selective dismantling procedures, traced by the regula-
tory framework of the Minimum Environmental Criteria 
(CAM) and the most affirmed manifestos on circular-
ity in construction based on the threefold principle of 
“share knowledge”; “gathering data”; “valorise the exist-
ing building stock” [23-25]. 

In this sense, a specific set of ‘disassembly param-
eters’ was used to qualitatively assess all aspects relat-
ed to the possibility of disassembling structural and 
non-structural components of the analysed buildings. 
As reported in the following Table 2, such parameters 
ref lect the main principles of Design for Disassem-
bly and the actual practices of ‘selective dismantling’, 
according to the actual regulatory framework (ISO 
20887:2020) [26]. The main set comprises six param-
eters – Ease of access, Independence, Reversible con-
nection, Weight, Obsolescence, Standardisation, named 
accordingly to the general principle of Design for Dis-
assembly required by the ISO 20887:2020 [24]. The val-
ues of each parameter are classified in three base classes 
– low, medium, and high – and are assigned based on 
document-based knowledge, supported by on-site visual 
inspection. Each class of values – low, medium, high – 
corresponds, respectively, to a numerical score ranging 
from 0 to 2. The main set of 7 parameters is applied to 
each building element to assess its potential disassem-
bly, evaluated through a numerical value, ranging from 
0 to 12, considering the sum of the values assigned to 
each parameter. Furthermore, a corrective parameter 
is considered for the overall evaluation of the potential’ 
Disassembly Index’. As shown in Table 3, this param-

Figure 3. View of the philological 3D and informative model of the structural elements of the ‘Type-building’ and related industrial patent 
exploited as a documentary source for the modelling process (© the authors, 2025)
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Table 2. Set of parameters considered to assess the “Disassembly index”.

Name of the 
parameter Description

Value of the parameter

Low (0) Medium (1) High (2)

01_Ease of access
Ease of access to building components with 
minimal damage to and impact on them and 
adjacent assemblies (ISO20887) 

exposed and accessible 
on one side

exposed and accessible 
on two sides 

exposed and accessible 
on all sides 

02_Independence
Quality of the components to be removed 
without affecting the performance of connected 
or adjacent systems (ISO20887) 

exposed and not 
accessible from the top 

exposed and partially 
accessible from the top 

exposed and accessible 
from the top 

03_Reversible 
connection

Connection that can be disconnected or 
disassembled (ISO20887) Passing iron rebars Concrete infill geometric connection 

04_Weight Weight of the structural component for 
construction site disassembly activities >50 kg 20-50 kg <20 kg 

05_Obsolence Express the % damage area/ total area of the 
element, considering visible damage. >60% 20-60% 0-20% 

06_Standardization

Possibility to standardize the disassembly 
process using efficient and repetitive techniques 
measured via the % value expressing the quantity 
of the element/total of the structural elements 
(ISO20887) 

0-20% 20-60% >60% 

Table 3. Corrective parameter considered to assess the “Disassembly index”.

Name of the parameter Description
Value of the parameter

Low (0) Medium (1) High (2)

Safety of disassembly

Proven knowledge about 
the construction materials, 
identifying potential 
hazardous substances 
(ISO20887) 

proven existence of 
hazardous substances 
(documentary basis) 

assessment of 
hazardous substances 
(visual inspection)

proven absence of 
hazardous substances 
(documentary basis) 

Table 4. Subset of parameters considered to assess the “Shared Heritage”.

Name of the parameter Description
Value of the parameter

Low (0) Medium (1) High (2)

Age of construction 

Age of the building, referring to the 
construction period, considering cut-off of 
cultural heritage constraints (d. lgs. 22 gennaio 
2004, n. 42) 

<70 70 >70 

Documentary heritage 
Presence of documents proving links with 
historical and technological background ( d. 
lgs. 22 gennaio 2004, n. 42) 

authorial design 
proven by original 

drawings 

authorial design 
proven by original 
drawings, literature 

of the time 

authorial design 
proven by original 
drawings, literature 

of the time, and 
industrial patents 

Consistency of the original 
design principle with the 
DfD framework

Proven knowledge about the original 
design choice in terms of ease of access, 
independence, and reversible connections 

visual assessment of 
construction details 

knowledge about the 
historical-technical 
context (literature) 

proven knowledge 
about the original 

design choice 
(documentary basis) 
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eter, named Safety of disassembly is evaluated, accord-
ing the same classes of values – low, medium, high –, on 
documental basis and visual inspections: as it assesses 
the presence of potential hazardous substances, the low 
score (0) nullified the value of the potential ‘Disassembly 
Index’ obtained by the sum of the previous six param-
eters; the medium score (1) confirms the value of the 
potential ‘Disassembly Index’ requiring further on-site 
survey to confirm the values; the high score (2), con-
firms the value of the potential ‘Disassembly Index’.

According to the study of the historical and techno-
logical knowledge of the analysed building, previously 
obtained through the documentary sources, a further 
specific cluster of parameters is, thus, dedicated to the 
assessment of the ‘inherited identity’ [23] of each build-
ing element. As is shown in Table 4, this latter cluster 
includes the following three parameters: ‘Age of construc-
tion’, ‘Documental heritage’, and ‘Consistency of original 
design principle to DfD’. The latter three parameters are 
evaluated considering three base classes – low, medium, 
and high – corresponding to the numerical score ranging 
from 0 to 2, based on document-based information. ‘Age 
of construction’ refers, in this specific case, to the 70-year 
cut-off from construction date that, according to the con-
straints introduced by the Italian Law on Cultural Herit-
age, excludes selective dismantling from the possible sce-
narios. ‘Documental heritage’ refers to the cultural values 
of the building, inherited from the historical and tech-

nological background, that could be assessed on a docu-
mentary basis. Similarly, the ‘Consistency original design 
principle to DfD’ refers to the original design choice in 
terms of ease of access, independence, and reversible con-
nections, according to documentary evidence. In this 
case, the latter two variables include, indeed, a tentative 
evaluation of the historical and technological value of the 
building, or better, of its construction system, support-
ed by the documentary evidence of the original design 
drawings by Luigi Pellegrin, the literature of the time 
concerning the school building design, and the industrial 
patent describing the construction system.

Combining the analytical definition of the ‘Disas-
sembly index’ with the structured dataframe provided by 
the informative model of the building, a comprehensive 
measurement of the potential disassembly of each build-
ing component can be produced, supported by effective 
three-dimensional representations. Figure 4 shows the 
axonometric views of the school building, showing the 
graphic results of the value of the ‘Disassembly index’ 
assigned to each building component. In orange and 
red, the values of the ‘Disassembly index’ are shown for 
the structural and architectural elements of the type-
building; in blue, the values of the same parameters are 
shown for the structural elements of the renewed roof of 
the specific case of the school building in Chivasso.

The list of values of the ‘Disassembly index’ corre-
sponding to each building element is, thus, combined in 
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STR-BEAM-SHAPED-CA 7.59 m3 2 1 2 1 2 2 2 11

STR-PAN-PORCH-RC 2.55m3 2 2 2 0 2 2 1 12

STR-PAN-ROOF-RC 2.89m3 1 2 2 1 2 2 1 12

STR-PAN-WALL-RC variable 2 2 2 0 2 2 1 12

STR-PART-EXT-RC 0.24m3 2 1 2 0 2 2 1 11

STR-PART-EXT-RC 2.47m3 2 2 2 0 2 2 1 12

STR-PART-FINAL-C 2.18m3 2 2 2 0 2 2 1 12

STR-PART-FINAL-D 3.06m3 2 2 2 0 2 2 1 12

STR-PART-FINAL-E 3.15m3 2 2 2 0 2 2 1 12

STR-PART-INT-RC 0.22 m3 2 1 2 0 2 2 1 11

Figure 4. Results of the assessment of the Disassembly Index for the main set of the building horizontal elements of the Benini systems (© 
the authors, 2025)
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a ‘Disassembly index’ at the building scale, correspond-
ing to an average value, providing valuable data to sup-
port the decision-making process of the stakeholders 

involved in the school building maintenance and preser-
vation.

 1 

 2 
 3 

Figure 5. Results of the assessment of the Disassembly Index for the ‘type-building’, in orange and red, and for the specific case of the 
school building in Chivasso, in blue (© the authors, 2025).



126 Ilaria Giannetti et al.

4. ABOUT PARTICIPATORY PRACTICES TO DESIGN 
AND TEST THE PHILOLOGICAL DIGITAL PLATFORM

According to the application of participatory meth-
ods following what has been defined as the “shift from 
local government to local governance” [27], the use of 
integrated digital tools allows the construction of organ-
ised special database for the collection of information 
relating to the history of the building and its compo-
nents, providing, at the same time, an easy-to-use tool to 
simulate the preservation scenarios, including the alter-
natives of selective dismantling and reuse. The possibil-
ity of collecting, connecting and display the historical 
and technical data allows to reconstruct the history of 
the building, from the project to the construction, to the 
subsequent interventions, contextualising it in the cul-
tural and social horizon that led to the use of industri-
alised solutions and prefabrication in school buildings: 
this allows to bring the local communities closer to the 
material knowledge of the buildings, sharing the cultural 
values of the technological and the architectural solu-
tions of the original design. Furthermore, the simulation 
of selective dismantling and reuse scenarios, supported 
by the virtual reconstructions, on the one hand, increas-

es the awareness of the environmental criteria linked to 
the actual management of the existing buildings, and, on 
the other hand, can provide a useful tool to apply par-
ticipative methods to the reuse design process. 

A direct experience of the usefulness of the proposed 
digital-platform-aided participatory approach for the 
preservation of the 20th-century school buildings and the 
refinement of the methodology was investigated through 
four design workshops that were organised in different 
contexts. Three workshops were organised within the 
framework of the ESF project “SchoolNET. Innovative 
tools for the sustainable and inclusive refurbishment of 
school buildings and the management of urban mobility” 
[28], and they mainly focused on participatory consulta-
tion and discussion among different actors. At the same 
time, a fourth one, part of the PRIN 2022 PNRR “Upcy-
cling Architecture in Italy” [29], was dedicated to explor-
ing the methodology of DfD-Design for Disassembly and 
upcycling applied to a paradigmatic example of a prefab-
ricated school building of the 1960s [4]. 

The first workshop “Science for All. Raggiungi, 
crea e costruisci la tua scuola ideale!” was organised in 
Padova with the participation of eight primary schools, 
organised in group work focusing on mobility – how 

Figure 6. Activities dedicated to the public engagement within the Workshop “Non-Formal Spaces of Education”, University of Thessaly (© 
picture by the authors, 2024).
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they get to school -, structures – how they perceive the 
building where they are – and inclusion – provoking 
reaction of affection or disagreement of school places. 
The second one in Volos during the Erasmus+ Blended 
Intensive Program “Non-Formal Spaces of Education. 
Reclaiming the School as a Space of Commons” sought 
to investigate the possibility of creating new educa-
tional spaces in existing schools through the adapta-
tion and transformation of an existing building and its 
surrounding space [30]. Both workshops had engaged 
teachers, students, and pupils in a participatory design 
using the tool of collage to inquire about expectations, 
desires, and daily practices of the pupils (Figure 6). The 
goal was to provide concrete indications for rethink-
ing educational spaces, informing the development of 
the webGIS SchoolNET platform by shifting the point 
of view from developers to future users. The experi-
ences highlighted how digital tools designed to facilitate 
decision-making processes for the transformation of the 
environment and school spaces should necessarily pass 
through a participatory process, respecting the value of 
social capital and cultural heritage represented by the 
school. The high social value of the school system and 
the possible repercussions on the urban communities 
of reference of the redevelopment and transformation 
actions require a precise participation activity with the 
users of the school network. 

The third workshop, titled “Awareness on Schools” 
refurbishment and sustainable management, brought 
together assignees, corporate and network partners, 
professionals from the construction and plant engineer-
ing sector, and those involved in renewable energy pro-
duction. It took place at the Fenice Academy in Venice. 
The focus was on raising awareness of the digitalisa-
tion and virtuous management of school buildings, and 
the design of systemic interventions at the building and 
urban scale. The intervention was a moment of con-
frontation between professionals from the fields of con-
struction and plant engineering, renewable energy pro-
duction, and public administration. In particular, the 
round table discussion focused on the use of BIM as a 
tool to guide the redevelopment and management of 
school buildings. On the one hand, the need to imple-
ment simplified and agile models, understood as data-
bases with three-dimensional visualisation possibilities, 
was highlighted. In fact, this approach allows for easier 
data collection within the model and its use by managers 
(public administrations and municipal technical offices) 
of school buildings. On the other hand, the importance 
of a complete digital modelling leading to the imple-
mentation of a digital twin was emphasised, where the 
fidelity of the representation and computerisation of the 

data allows for greater efficiency in the management of 
the model and the building, despite requiring greater 
knowledge and commitment on the part of the managers 
(public administrations and municipal technical offices) 
of school buildings.

Eventually, an attempt to test the methodology, 
within a pedagogical approach for PhD students, has 
been investigated during a research-by-design work-
shop that was organised in June 2024 at Sapienza Uni-
versity of Rome, which involved 13 PhD students, from 
5 different Italian universities, in the framework of the 
PRIN 2022 PNRR “Upcycling Architecture in Italy” 
[29]. In this case, the construction of the philological 
BIM, according to the presented methodology, focused 
on the experimental preservation of a prefabricated 
school building to explore ‘selective dismantling’ and 
potential reuse, and upcycling of its building elements. 
The model was tested involving the community of local 
stakeholders charged with the current maintenance of 
the school building, providing key data to develop the 
conception and the functioning of the digital platform: 
in particular, the need to provide easy-to-use viewers of 
the 3D-informative models, supported by an analytical 
dashboard for the assessment of the economic-financial 
impact of the selective dismantling processes, emerges. 
Furthermore, the heritage assessment issue was under-
lined, providing key data for the development of the dig-
ital platform as a ‘living archive’ [31] dedicated to preser-
vation actions, exploiting the organisation of the histori-
cal and technical documentary framework.

5. CONCLUSIONS

The present paper addresses the construction and 
the use of an integrated digital platform to support 
knowledge and experimental preservation of the late 
20th-century school building heritage. The methodolo-
gy includes philological tridimensional and informative 
modelling approaches, exploiting documentary sources, 
and participatory practices in the development and test-
ing phase of the digital platform. The study presents a 
twofold outcome: assessing the effectiveness of the pro-
posed methodology for the construction of integrated 
digital platform dedicated to the actual actions of pres-
ervation of the late 20th Century school buildings, with 
specific reference to prefabricated school buildings and 
experimental preservation actions, including ‘selective 
dismantling’ and ‘reuse’; opening a further discussion 
on participatory practices for the actual preservation of 
the school buildings within the current socio-technical 
scenarios. 
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Regarding the first point, the study validates the 
proposed philological modelling approach, based on 
documentary sources, to provide a structured data frame 
concerning the history and the technological solutions 
of the buildings. In this sense, the proposed modelling 
approach allows the exploitation of a technical and data 
framework to produce an analytical tool to support the 
assessment of potential ‘disassembly’ and, then, reuse of 
the building elements, providing an easy-to-use interop-
erable data frame exploiting table style sheets and special 
representation of data. The procedure – based on the 
combined use of a philological BIM with the evaluation 
of the potential disassembly according to the current 
regulatory framework on DfD – is conceived as modular 
and replicable to different building typologies, particu-
larly featured by the use of prefabricated systems. In this 
sense, the method can be considered effective to support 
decision-making within the challenging preservation of 
the broader prefabricated building heritage of the late 
20th Century [32].

Regarding the second point, the study stresses the 
role of participatory design for the preservation and 
reuse of 20th-century school buildings using a digi-
tal tool to facilitate interaction among different stake-
holders. To inform the construction of the digital tool, 
preliminary participatory design workshops engaging 
different potential stakeholders (pupils, professionals, 
researchers, and university students) may offer helpful 
information about how to transfer an easy-to-use inter-
operable data frame into a friendly and straightforward 
interface. Accordingly to the outcome of these work-
shops, the use of digital tools, may help to facilitate the 
employment of actual practices of Design for Disas-
sembly to expand the potential reusability of the build-
ing components and transformative actions allowing to 
retrace and share the material history, through the docu-
ments of the original design and the construction pro-
cess and share intangible values of the schools building 
provide by the action of ‘documenting’.
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Abstract. The current European policies aim to obtain a significant reduction in CO2 
emissions, targeting a carbon-free economy by 2050, and propose an extensive renova-
tion plan for the residential building heritage. The majority of Italian residential build-
ings predates energy-saving regulations and are currently affected by several environ-
mental issues. This paper proposes retrofitting measures for the external walls of an 
existing residential precast building dating back to the 1980s, located in the Province 
of Florence. Two different technological solutions have been evaluated for the rede-
velopment of facades, featuring recladding with a Vêture system and a rainscreen 
solution. The methodology of the research implements a BIM-based approach: the 
building was modelled in the Revit environment, while optimized facade layouts were 
generated using an algorithm developed in Grasshopper, considering various design 
parameters. As for the Vêture solution, the chosen configuration reduces the total 
number of panels installed, minimizing at the same time the use of special compo-
nents. A similar approach has been adopted in the case of the rainscreen solution, but 
resorting to an optimization procedure through genetic algorithms. The solutions of 
interest have been hence selected in the Pareto front, considering the type and num-
ber of panels. The retrofit interventions explored improved the building’s energy label 
from F to E, also enhancing its aesthetic quality.

Keywords:	 Residential building stock, precast structure, energy retrofit, optimization, 
BIM.

1. INTRODUCTION

The challenging environmental strategy set by the European Union to 
achieve a carbon-free economy makes redevelopment interventions address-
ing the existing building heritage extremely urgent. In Italy, the existing resi-
dential building stock accounts for about 12.5 million facilities, 60% of which 
was built before 1970 when national standards for energy saving were still 
lacking [1]. As a consequence, 71% of the Italian residential building stock 
currently belongs to low standards considering the energy labelling clas-
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sification (E, F and G), being characterised by an aver-
age energy performance index equal to 185.4 kWh/m2y. 
As previously introduced, the age of public residential 
structures is a detrimental factor that heavily affects the 
energy performance, as well as the architectural and aes-
thetic quality, of social housing buildings. 

Between the 1960s and 1980s, precast systems were 
adopted in Tuscany to meet the increasing demand for 
housing facilities, particularly in Florence, Sesto Fioren-
tino and Prato. The recourse to prefabricated, stand-
ardized solutions, replicable in different contexts, was 
highly promising at that time to reduce costs and to 
speed up construction processes, but resulted in sev-
eral issues over time. Nowadays, these buildings are 
characterised by inadequate structural behaviour, rigid 
structural and architectural schemes, and a lack of aes-
thetic refinements. Moreover, the technological solutions 
adopted, combined with the low quality of the materials 
used, have determined poor thermal insulation, inad-
equate internal comfort conditions and high annual 
energy demand. In this context, retrofitting interven-
tions are necessary but can sometimes be complex and 
challenging due to structural and technological limits, 
as reported by some authors in the literature. Ciulla et 
al. [2] remark on the difficulty of selecting the proper 
redevelopment solutions for facades, while Ballarini et 
al. [3], following a cost-optimal evaluation, recommend-
ed acting on heat generators as the most cost-effective 
intervention for the same building stock, also analysed 
by Corrado et al. [4]. Other studies deal with specific ret-
rofit solutions, both at the building scale [5] and urban 
level [6-7].

The widespread diffusion of new digital and com-
putational tools has been reshaping scientific research 
trends over the last decades. Several researchers propose 
BIM-based methodologies applied to the existing build-
ing heritage [8-9] for its energy and structural retrofit 
[10] and its management over the life cycle [11-12]. The 
advantages of BIM-based approaches also rely on inter-
operability with tools for structural, energy, and envi-
ronmental simulations or Life Cycle Assessment analysis 
[13]. Recently, some authors have proposed the integra-
tion of emerging artificial intelligence (AI) into BIM 
modelling and parametric design using the Visual Pro-
gramming Language (VPL) tool [14-16]. The research 
on the energy retrofit of existing building facades using 
innovative design tools mainly deals with dynamic solar 
shading systems and adaptive facades, without consider-
ing traditional solutions well-established in the market.

This paper aims to demonstrate the potential of 
using VPL (Visual Programming Language) tools in 
parametric design procedures to highlight how optimi-

zation techniques can support decision-making, particu-
larly in the assessment phase of technological and eco-
nomic feasibility. 

The research focuses on the design of potential ret-
rofit interventions for an existing precast multi-storey 
residential building chosen as a case study. Acting on 
the facades was prioritized given the greater dispersing 
surface, the currently low thermal resistance and the 
poor aesthetic quality. In this regard, Vêture and rain-
screen facades were foreseen in the research to include 
two distinct technological solutions that are commer-
cially available and commonly used in current practice. 
The study was carried out implementing digital tools 
within a BIM-based approach. At first, the building was 
modelled in the BIM environment through Revit soft-
ware starting from the original architectural and struc-
tural project documents. The modelling phase was use-
ful to organize, systemize and manage all the retrieved 
building data as well as to provide a reference digital 
twin for the subsequent analyses. A Grasshopper script 
was developed to explore different layouts for facade 
recladding panels and to optimize their arrangement 
through two different approaches.

2. METHODOLOGY

The research was developed by applying the method-
ological steps detailed below and illustrated in Figure 1:
–	 Historical archival research. This phase is based 

on previous research conducted by the authors that 
resulted in the classification of the different precast 
concrete systems used within the 1970s and 1980s to 
build social and public housing in the Florentine area. 
An exhaustive document acquisition campaign from 
Casa Spa Archive was held at the time, investigating 
original design projects, the correspondence during 
the construction phase, patents, bills of quantities 
and cost inventories. The original documents were 
scanned to obtain digitalized materials, and in the 
meantime, a photographic on-field survey was con-
ducted to assess discrepancies with real conditions. 

–	 Case study building selection. Following a care-
ful examination of the available material, a 5-storey 
linear building sited in the Municipality of Sesto 
Fiorentino, and built between 1981 and 1985 using 
the CA-AB system, was chosen as the reference case. 
This choice was based on the documentary coverage 
of the building, the widespread adoption of the same 
construction system during that period, and on its 
peculiarities, which make the results of this study 
extendable to other kinds of building types.
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–	 BIM-modelling phase. The case study was modelled 
in a BIM environment using Revit software, follow-
ing the architectural, structural, and technological 
details retrieved in the specifications of the origi-
nal design documents and considering the photo-
graphic documentation acquired. The incongruenc-
es assessed between the various design documents 
available were also solved to produce a reliable as-it-
is condition model.

–	 Definition of retrofit strategies. Two different tech-
nological solutions among those available on the 
market were considered for the architectural and 
energy redevelopment of existing facades. Both con-
figurations were designed to achieve the same ther-
mal resistance and convey equivalent energy savings 
for heating demand. The first one is a Vêture reclad-
ding system, composed of a horizontal metal sub-
structure and a panel (6.6 cm thick, U=0.54 W/m2K) 
made of fibre-reinforced composite mortar finishing 
and a thermal insulation layer (EPS additivated with 
graphite) with open joints. The second alternative 

is a traditional rainscreen cladding system with a 
metal substructure, a thermal insulation layer (wood 
fiber - 6 cm thick, λ = 0.038 W/m2K), and completed 
with low-thickness (3.5-20.5 mm) ceramic tiles as 
external finishing. 

–	 Facade panels design in the Grasshopper environ-
ment. The building’s geometry was directly import-
ed from Revit into the Rhinoceros environment, via 
Grasshopper plug-ins, referring to a portion of the 
external facade. A series of VPL scripts was devel-
oped to define the geometry of the facade recladding 
panels for both the retrofit solutions, including opti-
mization and design optioneering algorithms.

–	 Energy efficiency label classification. To quantify 
the effectiveness of the energy retrofit proposed, the 
building geometry was imported in TerMus soft-
ware to evaluate both pre and post redevelopment 
state following the current Italian energy standards 
[17-18]. A gas condensing boiler (efficiency equal 
to 0.7) was selected as heat source and the setpoint 
temperature during winter was set equal to 20°C to 

Figure 1. Methodological workflow of the research. © 2025, Authors.
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reflect the residential intended use. Natural ventila-
tion for minimum air change rate and the domestic 
hot water demand have been included in the energy 
balance. However, some simplified assumptions were 
made: apartments were modelled as homogeneous 
zones given the uniform operation conditions, and 
lighting loads were not accounted for, as well as the 
internal heat gains.

2.1 The Case Study

The case study (Figure 2) is a 5-storey linear build-
ing located in the municipality of Sesto Fiorentino (Flor-
ence). This building was commissioned by the IACP 
(Istituto Autonomo Case Popolari) of the Province of 
Florence in 1981 and completed on 1st July 1985. 

The building, oriented along the NE-SW direction, 
has a rectangular shape with main dimensions equal to 
63.10 × 11 m and a gross floor area of about 700 m2. It is 
composed of two different structural units with seismic 
joints at 27.50 m along the prevailing axis. The ground 
floor (2.40 m high) hosts private cellars, technical rooms 
and collective open spaces with pilotis, while the other 
four upper levels (2.70 m high) comprise a total of 30 
apartments of different sizes (Table 1). Vertical connec-
tions are ensured by four lifts and stair blocks. 

Considering the elevation, the openings are aligned 
and present the same dimensions. In the main fronts: 
1.40 × 1.40 m for windows and 0.90 × 2.40 m for balcony 
glazing doors. On secondary fronts, only smaller open-
ings (0.80 × 0.90 m) can be found. 

As far as the structure is concerned, it was built 
adopting the CA-AB system [19]. This patent foresees a 
precast reinforced concrete frame structure with single-
story columns and beams in slab thickness (24 cm), with 
structural joints made by additional concrete casting. 
The beams have a trapezoidal cross-section with extra-
dos longitudinal reinforcement bars. The floor slabs are 
partially prefabricated and lightened with polystyrene 
blocks. The external walls feature the following stratig-
raphy (total thickness 19.5 cm) from the internal to the 
external side: plasterboard panel (1 cm thick), polysty-

rene thermal insulation (5 cm), hollow bricks (12 cm) 
and external plaster (1.5 cm). These facades are char-
acterised by the following thermal properties: thermal 
transmittance U=0.544 W/m2K, surface mass Ms=96 W/
m2K, and periodic thermal transmittance YIE=0.4 W/
m2K. The roof slab is completed with a polystyrene ther-
mal insulation (5 cm thick) and a bituminous waterproof 
sheet as a finishing layer (1.5 cm). For the calculation of 
the thermal properties, UNI 10351 was considered [20]. 
As for the internal walls, they were realized recurring to 
dry-wall partitions. 

2.2 Facade panels design

Figure 3 provides a general overview of the VPL 
Grasshopper script, briefly described in this paragraph 
to highlight its crucial components and the decision-
making approaches followed for selecting the most suit-
able design alternative. 

The script can be divided into three different mac-
ro-sections: a block of instructions is initially meant to 
select and import the portion of the facade under con-
sideration directly from the BIM model, while the two 
others are dedicated to the definition of the panels’ lay-
out and selection of the most suitable configuration for 
both the Vêture and rainscreen alternatives. The latter 
sections are made up by using the same logic and proce-
dural steps. Going into detail and referring to the num-
bering proposed in Figure 3:
a)	 Segmentation of the facade: this operation is meant 

to subdivide the geometry of the current facade state 
into homogeneous portions. This preliminary opera-
tion is crucial to defining the arrangement of the 
facade cladding panels in the subsequent steps. 

b)	 Definition of panels’ size: through a numeric slider, 
the width and height of each panel can be set, with 
different values allowed according to the technologi-
cal solution chosen: 
–	 Vêture system: dimensions derived from com-

mercially available products. The standard 
height of the panel can be either 0.45 m or 0.60 
m, while the width associated with each varies 

Table 1. Internal layout of the apartments.
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from 0.45 to 0.90 m in the first case and from 
0.60 to 1.20 m in the latter. 

–	 Rainscreen facade: as previously introduced, 
the solution featuring low-thickness ceramic 
cladding tiles allows for a wider range of geom-
etries; in this case, both width and height were 
assumed to vary between 0.10 m and 1.10 m 
with increments of 0.10 m. 

c)	 Definition of panels’ layout: following the previously 
introduced facade segmentation and adopting the 

dimensions set in the b) section, the layout of panels 
was generated. The following assumptions have been 
introduced when defining the constraints for tiles’ 
arrangement:
–	 Vêture system: given the peculiarities of this 

technology, horizontal bands between win-
dows were addressed as the reference sections. 
In these areas, rows of cladding panels were 
assumed to begin from the bottom side and to 
be arranged symmetrically with respect to the 

Figure 2. Case study building. Type floor plan, photographic evidence, patent details. © 2025, Authors.
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whole facade. Sections adjacent to the windows 
were subsequently clad following the same logic.

–	 Rainscreen facade: to exploit the variability of 
panels’ shape and size ensured by this solution, 
the vertical sections located at the sides of the 
windows were primarily addressed in this case. 
In the smaller vertical sections between win-
dows, the cladding panels were consequently 
aligned with the ones in the main sections. To 
respect the vertical symmetry of the facade, 
the width of the panels in these portions was 

obtained through an approximation based on 
this formula: W2=L/[round(L/W1)], where W1 
represents the width of panels in the main sec-
tions and W2 the one to be determined, and L 
stands for the total length of the same section. 

The portions of the facade chosen as mainly influ-
encing in both configurations are highlighted in red 
in Figure 3. The layout in the blue sections is hence 
derived from the arrangement of tiles in the former. 
In the same schemes, the thick colored lines point 
out the starting alignment for the creation of the 

Figure 3. Details about the Grasshopper VPL script. © 2025, Authors.
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panelling grid and the arrows express its direction of 
development. 

d)	 Creation of the panels’ schedule: the main relevant 
information about each alternative layout is collect-
ed and plotted on the screen. A different color was 
associated to each panel type generated, providing 
immediate visual feedback. The report includes the 
following parameters:
–	 Number of standard panels, accounting for all 

the tiles whose dimensions are exactly the ones 
set in advance;

–	 Number of non-standard panels, accounting for 
all the tiles differing from the standard ones to 
fit the remaining portions of the facades. For 
each type of panel, the width, height, and num-
ber of elements are provided;

–	 Dimension of the shortest element serves as a 
parameter to evaluate the feasibility of the solu-
tion and consequently to avoid configurations 
with excessively small components. 

e)	 Output of the analysis: the main outcomes of the 
analysis are collected to be later used as evaluation 
criteria:
–	 Vêture system: the total number of panels and 

the area covered by non-standard panels;
–	 Rainscreen facade: the total number of panels, 

the number of panels’ typologies, and the num-
ber of non-standard tiles. 

f)	 Evaluation of feasible alternative configurations: 
both design optioneering and optimization proce-
dures were set to select the preferred layout among 
those generated, acting on the variables related to 
the size and geometry of the cladding panels. In 
particular, the former was applied in the case of 
the Vêture solution because of the limited number 
of configurations to be evaluated. The TT Colibri 
and DesignExplorer components [21-22] have been 
included in the algorithm for this purpose. On the 
other hand, a multi-objective optimization was con-
ducted for the rainscreen recladding through the 
Octopus component, featuring a genetic algorithm. 
The height and width of the panels represent the 
variable parameters to act on, while the optimiza-
tion was set to minimize the total number of pan-
els used and the number of non-standard ones. The 
total number of panels and the area covered by non-
standard panels were specified as evaluators in the 
design optioneering analysis. However, in this case, 
the selection of the most suitable solution is carried 
out directly by the designer, rather than relying on 
the autonomous computational capability of the cho-
sen genetic algorithm. The selection of these evalua-

tion parameters stems from considerations on design 
for manufacturing and assembly: as recognized in 
the literature, minimizing non-standard panels can 
enhance economic feasibility by reducing fabrication 
and manufacturing costs, can support environmen-
tal sustainability by preventing material waste, and 
can speed up the construction process acting on the 
on-site labor complexity [23-24].

3. RESULTS AND DISCUSSION

For a better comprehension of the results, this sec-
tion has been divided into different sub-paragraphs 
addressing the various topics covered in the study. At 
first, results about facade layout design will be presented, 
in distinct sections for the Vêture and rainscreen con-
figuration, while the energy label classification will be 
introduced later.

3.1 Vêture system

In the case of the Vêture recladding, the combina-
tion of possible height and width values available on the 
market led to six different solutions. Figure 4 presents 
them, numbered A-F, according to the visualization 
scheme proposed by DesignExplorer. The interactive 
interface of this tool allowed for the filtering and selec-
tion of the configurations by imposing restrictions on 
the input variables or outcomes of interest in each ver-
tical column. As previously introduced, reducing non-
standard panels was assumed to be particularly relevant 
for the final selection, along with limiting the total num-
ber of panels, which was meant to simplify installation 
procedures. In the graphical representations of the dif-
ferent layouts included in Figure 4, the non-standard 
tiles are highlighted in red.

The different configurations obtained will be synthet-
ically described in the following, along with some general 
considerations about the results obtained in this case:
–	 Solution A (0.45 × 0.45 m): it foresees 216 panels, the 

highest value among the possible alternatives pro-
duced given the smallest size of the tiles, but signifi-
cantly reduces the number of non-standard elements 
(9.66 m2);

–	 Solution B (0.45 × 0.675 m): it reduces the number 
of panels to 120, but it is affected by a consider-
able area covered by non-standard units (20.19 m2), 
making it the least efficient option;

–	 Solution C (0.45 × 0.9 m): it requires 144 panels but 
maintains the same non-standard area as Solution A, 
offering improved efficiency;
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–	 Solution D (0.6 × 0.6 m): it involves 134 panels, 
even if with a slightly higher amount of non-stand-
ard units (12.63 m2); for this reason, despite being 
less efficient than other options, it may work as an 
acceptable compromise solution;

–	 Solution E (0.6 × 0.9 m): reduces the total number 
to 114 modules and lowers the non-standard area to 
10.47 m2 units, offering an optimal balance between 
modularity and waste reduction;

–	 Solution F (0.6 × 1.2 m): with only 76 panels, it fea-
tures the lowest amount of panels used given the 
large dimensions of the cladding elements. How-
ever, this affects the number of non-standard pieces, 
which is sensibly higher than that of other solutions 
(21.27 m2).
Configurations B and F, highlighted in blue in Figure 

4, proved to be severely penalized by a higher number of 
non-standard components, as both show an area covered 
by irregular tiles approximately double with respect to 
the other solutions. However, it must be remarked that 
layout F is characterised by the absolute lowest number 
of elements, allowing for a significant speedup in installa-
tion processes by using large-format panels, which could 
be a crucial factor in some cases. All the other configura-
tions present similar performance in terms of non-stand-
ard panels, but present a total number of panels ranging 
in a wide interval, ranging from 216 in solution A to 114 
in solution E. The latter, outlined with a dashed red line 
in Figure 4, was identified as the most promising solu-
tion: it minimizes the use of special components while 
also reducing the total number of panels, thanks to the 
implementation of large tiles (0.6 × 0.9 m). 

3.2 Rainscreen system

The optimization of the panels’ arrangement for the 
rainscreen facade recladding was performed using the 
Octopus plug-in in the Grasshopper environment. A total 
of 60 generations, each with a maximum of 75 individu-
als, were autonomously produced during the optimiza-
tion process, and the results are illustrated in Figure 5. 
The different alternatives are represented as boxes and 
plotted in a 3D space (XYZ), where each axis expresses 
one of the evaluation parameters: types of panels, total 
number of panels, and number of non-standard panels. 
The configurations highlighted in red belong to the so-
called “Pareto front”, which includes all of the “non-dom-
inated” solutions. This means that no single solution in 
this set can be improved in one objective without caus-
ing a degradation in at least one other. Within the con-
text of facade retrofitting, this implies that each layout 
on the Pareto front reflects a specific compromise among 
the relevant competing performance indicators. For the 
optimization carried out in this research, three distinct 
solutions emerged as the most promising under the given 
boundary conditions. All the layouts considered features 
panels 0.90 m high but differ in terms of width:
–	 Solution A: despite having the lowest number of 

panel types, it requires the highest number of clad-
ding tiles due to their limited width (0.10 m);

–	 Solution B: this represents a balanced compromise 
between the extremes, involving a limited number of 
both total panels and non-standard ones;

–	 Solution C: large-size panels enable to reduce their 
number, even if nine different formats are needed. 

Figure 4. Analysis of facade layouts when adopting the Vêture system. © 2025, Authors.
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Moreover, it must be remarked that enlarging the 
panel size may result in undesired complexity of the 
substructure. 
Table 2 summarizes the key properties of each solu-

tion, while Figure 6 illustrates their final visual appear-
ance along with the panel schedule generated by the 
Grasshopper script.

To support informed decision-making, a structured 
interpretative framework can be adopted. Project stake-
holders should first establish the relative importance of 
the objectives based on project-specific constraints. Pri-
oritizing selection criteria can lead to the exclusion of 
undesired solutions from the very beginning of the deci-
sion-making process. For instance, if minimizing labour 
time is considered mandatory, solutions with fewer total 
panels may be addressed. Later, for a comparative trade-
off analysis, each solution on the Pareto front should be 
evaluated, looking for the one that balances both quanti-
tative and qualitative factors. Finally, external factors not 
initially considered, such as the market availability of 
non-standard components, initial investment cost, and 
architectural or aesthetic preferences, should be incorpo-

rated. These considerations often lead to preferring one 
solution over others, even when purely technical trade-
offs are balanced.

Remarkably, in the study presented, all non-domi-
nated solutions belonging to the Pareto front are eligible 
layouts for retrofitting, considering the rainscreen facade 
technological solution. The final selection among these 
alternatives should be informed by the project’s priori-
ties – whether cost minimization, architectural uniform-
ity, or ease of execution is paramount. Additionally, the 
availability of suppliers for non-standard components 
and the client’s aesthetic preferences play a decisive role. 

In the Vêture system, layouts are imposed through 
precise values of design parameters (such as panels’ 
width). In contrast, the rainscreen system offers a higher 
level of freedom in design selection, ensured by specific 
cladding materials, which may lead to a preference for 
other configurations over the optimized ones. Moreover, 
the recourse to rainscreen solution can allow to satisfy 
higher quality standards in terms of materials used, aes-
thetic finishing and cladding panels layout, and effects 
on more aspects of building performance (e.g. moisture 

Figure 5. Pareto Front of possible layout solutions for the rainscreen façade. © 2025, Authors.

Table 2. Details about the Pareto front solutions.
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removal, micro-ventilation in air gaps). In both facade 
technologies, it has to be remarked that the use of large-
size panels should be carefully evaluated also in relation 
to constructability limitations associated with site acces-
sibility, scaffolding size, or the need for dedicated instal-
lation equipment (e.g. platforms, lifting cranes). 

3.3 Energy label

The energy efficiency classification of the existing 
building highlights several issues related to the external 
envelope’s performance, particularly during the win-
ter season, as shown in Figure 7. The thermal transmit-
tance of both the external walls and the roof slab do not 
meet the minimum required thermal transmittance for 

climate zone D. This results in a Global Average heat 
transfer coefficient for transmission (H’T) equal to 0.756 
W/m2 and the heat losses through the external envelope 
(Qh,TR) equal to 71% of the total losses. As regards the 
calculation of the design peak load, the energy losses for 
transmission were calculated to be 67 kW, while the pri-
mary energy demand for heating is over 500 kWh. The 
presence of about 270 m2 of glazing dispersing surface, 
characterised by window frames without thermal breaks 
and single glazing panes, is an additional detrimental 
factor for the building’s performance during the winter 
season. In conclusion, the global non-renewable energy 
performance index (EPgl,nren) is equal to 115.77 kWh/
m²/y (energy label F), indicating a low performance of the 
external envelope for the winter season. This evidence 
justifies the urgency of intervening on the external wall 

Figure 6. Graphical representation of the Pareto front solutions and related panels’ schedule. Green elements are the standard ones, while 
the red ones are those that do not match the preset dimensions. © 2025, Authors.
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stratigraphy of these types of buildings to improve their 
energy performance, indoor thermal conditions for the 
occupants, and their visual and aesthetic appeal. Both 
redevelopment measures foreseen for the external walls 
result in an improvement of energy performance with 
a consequent upgrade in the energy label. At first, an 
enhancement of the thermal properties of the external 
walls can be achieved: the solution with the rainscreen 
system is characterised by a thermal transmittance equal 
to 0.29 W/m2K while the Vêture cladding system reaches 
a value of 0.27 W/m2K. On the other hand, the surface 
mass is affected to a lesser extent compared to the base 
case (133 kg/m2), given the lightweight nature of the 
recladding applied. For both redevelopment measures 

considered, a decrease in energy losses through the exter-
nal envelope equal to 5% and a reduction in the primary 
energy demand of about 90 kWh occur. In conclusion, 
for the Vêture solution, an energy label E is obtained 
with EPgl,nren = 93.77 kWh/m2y; the same energy label E 
is ensured by the rainscreen recladding, even if with a 
slightly lower EPgl,nren (92.28 kWh/m2y). 

4. CONCLUSIONS

The research discussed in the paper demonstrates 
the integration of digital tools, such as Grasshopper and 
Octopus, to systematically explore facade recladding 

Figure 7. Building energy performance and Energy Label of the base case and the two retrofitting configurations. © 2025, Authors.
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configurations that balance energy efficiency, material 
optimization, and aesthetic considerations.

Within the study workflow, the BIM modeling phase 
played a crucial role, allowing for the digital reconstruc-
tion of the case study building based on the currently 
available design documents, ensuring the development of 
a reliable as-is model, essential for subsequent analyses 
and optimization. However, some inconsistencies were 
identified in the original documentation, indicating the 
potential need for further on-site verification to enhance 
data accuracy and address any unresolved discrepancies.

A key contribution of this work is the application of 
multi-objective optimization in defining panel layouts 
for two facade retrofit solutions. By employing paramet-
ric modeling and genetic algorithms, the methodology 
minimizes the use of non-standard components, opti-
mizes panels distribution, and reduces installation com-
plexity. The computational analysis enabled the identi-
fication of Pareto-optimal solutions, providing a set of 
trade-offs between conflicting design criteria.

The energy models produced highlighted the effec-
tiveness of energy retrofitting of existing residential 
building stock: improving building thermal performance 
results in a reduction of energy losses and an upgrade 
from energy label F to E. Large-scale applications of 
these interventions can substantially benefit from the 
application of data-driven digital workflows to speed up 
and optimize design procedures by informed decision 
making on a wide set of facilities. 

At this stage, the study is currently affected by some 
limitations. Structural verification and substructure sys-
tem design are essential to ensure safety and compliance, 
but the analysis carried out at this stage of the research 
was simply preliminary and meant to ensure the feasibil-
ity of the interventions proposed. These aspects must be 
hence taken into account at later stages of design with a 
detailed assessment. Moreover, the energy performance 
of the facility, currently assessed by performing sim-
ple energy labelling, should be refined through detailed 
energy modelling simulations. 

Future research should expand upon these findings 
by including additional evaluation criteria, such as ener-
gy efficiency, LCA evaluations, or load-bearing implica-
tions (to account for the effects on yearly demand, envi-
ronmental impact, and to consider limitations related 
to different construction typologies and load-bearing 
capacity). Integrating artificial intelligence-driven gen-
erative design could be another enhancing factor to both 
speed up decision-making and ameliorate the overall 
quality of the alternatives investigated. 
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Abstract. The paper aims to illustrate how implementing a digital elevation model 
enables an extensive comprehension of the current deformation crisis state of over-
turning masonry in the context of a case study. The approach explores the interoper-
ability challenges and details in scan-to-HBIM processes, thereby elucidating how 
HBIM models can support operations that are intended to maintain and preserve 
extant historic assets despite the persistent challenges. This illustrative investigation 
underscores the effectiveness of applying digital technologies to advance the conser-
vation and management practices of built cultural heritage, particularly in addressing 
structural concerns associated with historic masonry. The information should involve 
meticulous knowledge, anamnesis, visual inspection, and instrumental measures, as 
dataset accuracy is crucial in architectural heritage, where surveyed objects exhibit 
complex geometries and significant deformation. It is a deliberate, synthetic operation 
that develops a structural model for assessment. A key finding of the present paper is 
that the precision and detail of the model determine the accuracy of structural analysis 
results, emphasising the importance of accuracy consideration to achieve meaningful 
and reliable results. As a consequence, the building assessment demonstrated which 
parts of the building’s façades were overturning while identifying the thorough kine-
matic phenomena progressively acting.

Keywords:	 Built heritage conservation, Damage assessment, Kinematic phenomena, 
Out-of-plane overturning mechanism, Scan-to-HBIM.

1. INTRODUCTION

Structural analyses of buildings often rely on simplified geometric mod-
els to expedite numerical computations, minimise processing demands, and 
streamline workflows. While this simplification can be both valid and practi-
cal, it is critical to ensure that such reductions do not compromise the reli-
ability of the analysis results. The fidelity of the model plays a pivotal role 
in achieving accurate outcomes, particularly when capturing the essential 
physical behaviours and structural responses of the system under study. This 
requirement becomes even more pronounced when dealing with historic 
buildings of cultural significance, which present unique challenges due to 
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their historical and architectural value. In the context 
of cultural heritage, the structure’s geometry is rarely 
straightforward. These buildings frequently exhibit com-
plex forms, asymmetries, irregularities, and accumulated 
damage resulting from ageing, environmental exposure, 
and historical modifications. These factors must be care-
fully considered when developing a geometric model, as 
over-simplification can lead to significant inaccuracies in 
interpreting structural behaviour or assessing vulnera-
bilities. For instance, a detailed model may be necessary 
to capture the nuanced effects of cracks, deformations, 
or missing elements that could influence load paths or 
stress distributions. 

To address these complexities, modern geometric 
modelling methods have emerged, leveraging advances 
in digital technology and remote sensing. High-resolu-
tion techniques such as laser scanning and photogram-
metry can produce highly detailed and accurate repre-
sentations of a building’s surface. These tools provide 
very useful data for reconstructing external geometry 
with unprecedented precision. However, they primarily 
capture visible surfaces and external morphology, and 
often lack critical information about interior structural 
features, subsurface defects, or concealed construction 
details [1]. Understanding the full structural behaviour 
of a historical building requires more than surface-level 
data. Comprehensive investigations that integrate both 
advanced technology and traditional diagnostic methods 
are essential. This holistic approach involves anamne-
sis, a thorough study of the building’s phenomenological 
history, construction techniques, and prior interventions. 
Instrumental measurements such as ground-penetrating 
radar, infrared thermography, ultrasonic testing, and 
micro-drilling can reveal internal anomalies, material 
properties, and hidden damage. These methods are fur-
ther complemented by detailed visual inspections con-
ducted by experienced conservation professionals. Such 
experts can identify patterns of deterioration, assess 
material conditions, and evaluate the effectiveness of 
previous repair work

Additionally, integrating these diagnostic results 
into the geometric model transforms it into a more 
complete and functional representation. The enriched 
model becomes a powerful tool for simulation, enabling 
analysts to account for specific material heterogeneities, 
localised weaknesses, and the interactions between dam-
aged and intact elements. For example, in seismic analy-
sis, the accurate representation of cracks and voids can 
significantly influence the predicted dynamic response 
of a structure. This, in turn, provides critical insights 
for risk mitigation and retrofitting strategies. In the field 
of cultural heritage preservation, the goal of structur-

al analysis is not solely to ensure stability. It also aims 
to maintain authenticity and minimise interventions. 
Achieving this goal requires a delicate balance between 
technological precision and an informed appreciation 
of the building’s historical context. Each model thus 
becomes a bridge between the past and future. It pre-
serves the memory embedded within the structure while 
equipping engineers and conservators with the data 
needed to protect it for generations to come.

1.1 The pilot site

The monastery of St. Catherine is located within 
the dense urban fabric near the Estense Castle, posi-
tioned behind the ancient urban axis of Via degli Angeli, 
now known as Corso Ercole I d’Este [2]. This area also 
includes the former Church of Santa Maria degli Angeli 
and the Palazzo dei Diamanti. The distinctiveness of the 
site stems from the initial absence of comprehensive geo-
metric data and its complex planimetric configuration. 
Specific planovolumetric transformations were identified 
through meticulous inspections and direct observation 
of this extensive complex. However, it is important to 
emphasise that the current descriptions still require sub-
stantial documentary evidence to understand the nature 
and extent of these transformations fully

The lack of detailed geometric data at the outset of 
the project highlights the critical role of on-site inspec-
tions in uncovering key planovolumetric features of the 
building. Consequently, the initial investigations focused 
primarily on the structure’s chronological stratification. 
Archival documents were examined to shed light on 
its original layout, formal characteristics, and geomet-
ric configuration, particularly those aspects that have 
been altered over time. A meticulous review of numer-
ous indirect historical sources housed in the Ferrarese 
Diocesan Archive revealed several original rooms that 
had been lost due to substantial architectural transfor-
mations. This process enabled the identification of his-
torically significant spaces that had been obscured by 
the passage of time and successive modifications. To 
document the current condition of the monastery, data 
were collected through a comprehensive survey meth-
odology tailored to the site’s distinctive typological and 
geometric complexity, ensuring increased precision in 
capturing both the material stratification and the spatial 
articulation of the architectural organism [3-4]. The pri-
mary goal of this documentation strategy was to leverage 
state-of-the-art technologies and tools, accounting for 
the site’s specific challenges, while ensuring high accu-
racy in the survey and data processing phases.
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1.2 Research background: TLSs and UASs dataset fusion

The continuous advancement of technologies such 
as terrestrial laser scanners (TLSs) and unmanned aerial 
systems (UASs) has significantly facilitated data acqui-
sition processes. The Leica P40 TLS survey campaign 
was carried out in two phases: planning and acquisi-
tion. More than 200 laser scanner station points were 
pre-estimated. In situ scans were optimised by room size 
and complexity. Acquired data were processed in Leica 
Cyclone r2020.1®, aligned with <4 mm tolerance, and 
exported after registration into a unified 3D point cloud 
database. A single three-dimensional coordinate system 
was then established, with the origin point (Figure 2) 
located at the centre of the cloister. The point cloud was 
subsequently decimated and exported in .pts format. To 
support this operation, due to the large file size and pro-

cessing demands, the building was divided into four seg-
ments: the west wing, the east wing, the south wing, and 
the former church (Figure 3).

The UAS photogrammetric acquisition was per-
formed using a DJI Mavic 3 Enterprise, with mission 
planning optimized to achieve a ground sample dis-
tance of 4 mm/pixel, suitable for 1:20 scale documen-
tation. Flights were conducted approximately at 20 m 
altitude for nadir mapping and at distances of 10 m for 
façade capture, ensuring proper image overlap (≥80%) 
and minimal angular distortion. Images were processed 
in Agisoft Metashape Professional r2.0.10, enabling the 
generation of high-resolution orthomosaics, adaptive 
textures, and 3D meshes for characterizing the damaged 
state of the masonries (Figure 4). These datasets were 
subsequently processed to generate precise and accurate 
3D models of detailed objects. However, no single sensor 
can provide a comprehensive understanding of a large 
structure, even when multiple scans are conducted [5]. 
To overcome this limitation, the integration and interac-
tion of both technologies were employed. By geometri-

Figure 1. (left) Ferrara, aerial view from the south. At the image centre, the Dominican monastery of St. Catherine. (right) The monastery 
of St. Catherine in the urban fabric of the Ferrara Herculean addition.

Figure 2. Perspective view of the registered 3D point cloud pro-
cessed in Leica Cyclone r2020.1®, registered within a single coordi-
nate system centered on the cloister.

Figure 3. A detailed axonometric view of the TLS point cloud pro-
cessed in Leica Cyclone r2020.1® True Space mode, showcasing the 
former church of St. Catherine.
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cally aligning the two datasets, this approach supported 
the development of a variety of assessment processes [6]. 

A practical framework that combines UAS photo-
grammetry and TLS for 3D mapping and monitoring of 
complex heritage assets has been developed. This meth-
odology integrates ground-based survey techniques and 
aerial photogrammetry through the CloudCompare 
v2.12.4 platform, reinforcing its pivotal role in the analy-
sis and interpretation of built cultural heritage [7]. The 
integration of both methods results in maps, orthopho-
tos, and 3D models. Data fusion enhances the accuracy 
of 3D representations by combining information from 
multiple sensors. This process is particularly important 
for advanced tasks of visualization, typological classi-
fication, and quantitative assessment in heritage stud-
ies. The choice of data acquisition method depends on 
factors such as the object’s geometry, surface morphol-
ogy, required accuracy, and the logistical constraints 
and financial sustainability of the operation. While vari-
ous approaches exist, each comes with inherent limita-
tions and operational trade-offs. Terrestrial Laser Scan-
ning (TLS), for example, is restricted by its line-of-sight, 
which reduces its effectiveness in occluded or confined 
areas, such as narrow courtyards or interiors with com-
plex partitions. Its performance can also be affected by 
reflective or absorptive materials, surface moisture, and 
ambient lighting conditions. Unmanned Aerial Systems 
(UASs) offer a cost-effective and efficient means of sur-
veying, particularly for capturing high-resolution images 
of inaccessible zones, such as rooftops, upper cornices, 
or structures at risk of collapse. However, UAS-derived 
3D models can suffer from indistinct textures, radio-
metric inconsistencies, and a general lack of geometric 
density in shadowed or reflective areas, reducing their 
reliability for detail-critical applications. Ground-based 
digital cameras represent another low-cost solution for 
3D modelling. Yet, like TLS, they are constrained by 
line-of-sight issues and require careful control of camera 

calibration parameters and network geometry to avoid 
reconstruction errors.

Given the strengths and weaknesses of each tech-
nique, a multi-source and multi-scale integration of 
data becomes not only advantageous but necessary for 
generating accurate and semantically rich 3D digital 
twins. The proposed multi-sensor data fusion method 
employs a wavelet-based decomposition and reconstruc-
tion algorithm to create a refined 3D building model by 
integrating TLS and UAS datasets. This hybrid approach 
enhances spatial continuity and surface detail, ensuring 
both metric reliability and visual fidelity. The TLS data-
set was also used to validate the model [8-9], which dem-
onstrated an accuracy of 2.3 mm higher than the TLS-
only model, confirming the effectiveness of the fusion 
strategy in improving both geometric precision and 
interpretative potential. 

2. DAMAGE MECHANISMS ASSESSMENT IN LOAD-
BEARING STRUCTURES

2.1 Built heritage modelling in HBIM environment

The advancement of information technology offers 
a significant opportunity to transform conventional 
practices in built cultural heritage conservation and the 
construction sector. Such an approach is particularly rel-
evant for activities concerning the monitoring and man-
agement of existing architectural heritage, where accu-
rate data acquisition and interpretation are essential to 
support informed conservation strategies and long-term 
maintenance planning. In this context, the proposed 
methodology relies on an integrated 3D metric sur-
vey as the basis for generating Digital Elevation Model 
(DEMs), further supported by the development of a His-
toric Building Information Model (HBIM) [10-12]. This 
model plays a key role in identifying the most appro-

Figure 4. The orthomosaic of the south-facing elevation along Via Roversella, generated in Agisoft Metashape Professional r2.0.10®. On the 
right, the eastern wing reveals substantial structural transformations of the former church’s liturgical hall, resulting from its 20th-century 
conversion into a vocational high school.
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priate interventions to improve the structural behav-
iour of brick masonry elements [13]. Photogrammetric 
processing, when compared to the geometric database 
derived from TLS-based point cloud data, proved to be 
highly effective. It provided accurate working materi-
al that enabled a reliable representation of the external 
surfaces, fully consistent with the building’s actual 3D 
configuration [14]. The use of as-built BIM techniques 
in heritage modelling aims to reinforce the relationship 
between geometric modelling and information manage-
ment. Among the key attributes considered are temporal 
evolution, spatial constraints, and damage documenta-
tion, all of which contribute to a comprehensive under-
standing of the building’s lifecycle and inform targeted 
conservation actions. [15]. In particular, HBIM is well-
suited for reconstructing built heritage based on avail-
able descriptive data, including historical records, bib-
liographic sources, archival photographs, and drawings. 
Analysing the evolutionary and transformative phases 
of lost architectural elements proves especially valuable, 
as these aspects directly influence the structural assess-
ment of load-bearing systems, providing critical insights 
into original construction logic, material discontinuities, 
and potential weaknesses within the historic fabric. [16]. 
The monastery is not merely a virtual model. It serves as 
a critical component of the conservation project, where 
the various parts of the Dominican cloister complex are 
transformed into intelligent parametric objects. These 
elements contain structured relational data as well as 
detailed quantitative and qualitative attributes. Ultimate-
ly, the HBIM model functions as a parametric design 
environment, capable of storing, updating, and linking 
information in a coherent and dynamic framework [17].

2.2 Digital elevation modelling

Digital Elevation Models represent the elevation dis-
tribution of a terrain or a specific surface in archaeologi-
cal contexts. They are exported in raster format, allow-
ing each image pixel to be associated with elevation 
values expressed through a predefined colour scale [18]. 
In this study, DEMs were employed as analytical tools 
derived from an indirect survey of the pilot site, which 
proved to be particularly complex due to its stratigraphic 
configuration. Unlike their more established applica-
tion in archaeological excavation analysis, DEMs are 
still rarely used for studying building façades and even 
less so in structural assessments [19]. This represents an 
underexplored field of research.

In contrast to horizontal ground strata, the eleva-
tions of the masonry walls were visualised through false-
colour textures mapped onto vertical planes, offering a 

detailed representation of their current condition. At the 
level of architectural interpretation, it became possible 
to systematise conventional stratigraphic evidence based 
on materials and construction techniques. Damage pat-
terns affecting the walls were also considered, particular-
ly when they revealed stratigraphic discontinuities that 
would otherwise be difficult to detect. More importantly, 
these patterns served as indicators of active structural 
damage mechanisms. The analysis focused on the south-
ern sector of the monastery, along Via Roversella. Here, 
a strong correlation emerged between the current con-
dition of the structural elements and the architectural 
stratification gathered over time. 

This approach proved especially significant for the 
analysis of macroelement kinematics within the broader 
conservation project. The front elevation was analysed by 
projecting it onto an ideal reference plane. This surface 
was defined as perfectly orthogonal and aligned through 
the midpoint of the masonry thickness, allowing a nor-
malised reading of the façade. The method revealed mul-
tiple phases of transformation, namely the opening of 
new windows, the closure of others, and the insertion of 
intermediate floors associated with changes in use, which 
were graphically represented and subsequently interro-
gated from a structural standpoint. In particular, a zone 
of high concern was identified where an incipient out-of-
plane rotation appears to localise, plausibly activated by 
the thrust transmitted by the roof struts (Figure 5). The 
evidence from TLS point cloud processing, including 
systematic slices at 1 m pitch, supports this interpreta-
tion and indicates areas of potential concern. To support 
this preliminary kinematic interpretation, the TLS point 
cloud was processed through a systematic sequence of 
horizontal and vertical slices extracted at a constant 1 
m pitch, thereby generating a modular grid and the cor-
responding wireframe representation of the façade. This 
slicing-based modelling enabled a first-order verification 
of geometric continuity between the interior and exte-
rior faces, providing evidence compatible with predomi-
nantly monolithic behaviour within the wall plane and, 
conversely, not supporting the presence of non-integrated 
facing leaves whose differential deformation could pro-
mote peak-load-induced local instability. Although the 
deformation is not readily appreciable along the longi-
tudinal development of the slender masonry walls, the 
bottom-right overlay of the extracted slices against ideal 
horizontal and vertical reference lines documents, albeit 
in a barely perceptible manner, the onset of the rotation 
mechanism. A more explicit and metrically controlled 
representation of this phenomenon is provided later in 
the paper through DEM-based processing, which allows 
the deformation field to be visualised and quantified with 



150 Manlio Montuori

higher sensitivity. The point of most significant structural 
instability corresponds to two distinct stratigraphic units.

These units reflect a shift in the roofing technique, 
which also marks the spatial division between the litur-
gical hall used by cloistered nuns and that intended for 
laypeople. This architectural modification induced a 
progressive superficial depression, which became more 
pronounced over time, ultimately resulting in the cur-
rent generalised deformation of the façade. The defor-
mation later extended to the entire central section. The 
case study, the former liturgical hall of the Dominican 
monastery, is morphologically defined as an assembly 
space enclosed by structural macroelements: lateral walls, 
façade, apse, timber trusses, and reinforced concrete floors 
added during its later adaptation for educational use. 
These macroelements, collectively, constitute the structur-
al system of the building. Through evolutionary damage 
analysis, the study identified both unique and recurring 
collapse mechanisms for each macroelement, many of 
which are widely documented in the literature. This was 
achieved using the limit equilibrium method, specifically 
following a kinematic approach to structural analysis.

The analysis of potential in-plane and out-of-plane 
damage mechanisms in brick masonry walls has led to 
notable and insightful results. These analyses are par-
ticularly significant, as they aim to evaluate the forces 
that activate these mechanisms in relation to wall geom-
etry and the dimensional relationships among structural 
elements [20-21]. The collapse mechanism of a masonry 
macroelement is typically characterised by the formation 
of zones with concentrated deformation. These zones 
separate the macroelement into quasi-rigid blocks that 
behave kinematically, leading to collapse when subjected 

to perturbing forces. The initial singularities most likely 
to generate disaggregation are found at the connection 
points between macroelements, where the load-bearing 
structure is most vulnerable. In such zones, relative roto-
translations may develop between adjacent elements. 

To support the identification of the most appropri-
ate safety interventions, the contribution of DEMs in 
the evolutionary damage analysis of macroelements is 
highlighted here. One particularly hazardous behav-
iour observed is the horizontal flexural deformation of 
the brick wall, as clearly illustrated by the DEM. In this 
condition, the masonry wall is joined to perpendicular 
walls, but its top edge is unrestrained. When subjected 
to seismic action orthogonal to its plane, the wall exhib-
its a horizontal arching effect (Figure 6). Specifically, 
the horizontal thrust from the roof is transferred to the 
wall. At the orthogonal intersections, this thrust splits 
into two components: one orthogonal to the wall, which 
is absorbed by the tie rods of the roof trusses; and one 
parallel to the wall itself. In the limit equilibrium condi-
tion, three hinges typically form, one near the centre of 
the wall and two at the intersections with the truss ends, 
where tensile stresses are highest.

The three-hinged isostatic arch becomes unstable 
when its hinges align. If the wall fails to engage contrast-
ing elements that provide an equal and opposite reac-
tion, the collapse kinematics will be activated. This is 
the precise condition found in the case under analysis. 
The wall is held by tie rods but is stressed by the anoma-
lous pushing action of a strut and by the hammering 
forces of the large roof framing elements. Moreover, 
the tensile strength of the masonry is reduced, increas-
ing the risk that the material forming the wall’s outer 
face may detach. This detachment is caused by tensile 
stresses that develop within the masonry core as part of 
the kinematic deformation. Additional factors contribute 
to the onset of horizontal bending mechanisms. These 
include the presence of aligned openings just beneath 
the roof band and the quality of the masonry itself, 
which affects the height of the detachment wedge. 

The identification of horizontal bending mecha-
nisms is significantly supported by the DEM, which pro-
vides essential information on existing and potentially 
active macroelements, even in cases where visible dam-
age is minimal. When cracking is not yet present, poten-
tial out-of-plane collapse mechanisms may still develop, 
involving varying extents of the wall surface [23]. How-
ever, it remains impossible to determine in advance 
which kinematic mechanism is most likely to occur. To 
define the most unfavourable scenario, it will be neces-
sary to assess multiple collapse conditions, each assum-
ing different geometries of the masonry areas involved in 

Figure 5. Front elevation along via Roversella, TLS-derived hori-
zontal and vertical slices extracted at 1 m pitch and assembled as a 
modular grid/wireframe for preliminary screening of out-of-plane 
rotation; the inset overlay against ideal axes suggests.
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the kinematic process [24]. To determine the most unfa-
vourable condition, it will be necessary to assess vari-
ous collapse factors assuming varying geometries of the 
masonry regions influenced by the kinematics [25].

3. RESULT AND DISCUSSION

The integration of photogrammetric and TLS data 
through a multi-sensor approach enabled the genera-
tion of a high-resolution digital elevation model, which 
proved to be a critical tool for identifying early signs 
of deformation in the historic masonry structures of 
the Dominican nuns’ compound. Assessing the behav-
iour of load-bearing structures in built heritage con-
texts requires both precise 3D geometric modelling and 
advanced information management systems. These are 
typically realised through digital twins generated via 
photogrammetry and laser scanning, alongside seman-
tic knowledge integration using geographic informa-
tion systems and ontology-based tools [26]. The latest 
developments in building information modelling (BIM) 
incorporate both 3D modelling and structured informa-
tion management [27]. By leveraging the dense spatial 

granularity of the DEM, the study captured early dis-
placements and strain patterns across the south eleva-
tion, which could not be discerned through conventional 
visual inspection. This finding highlights the diagnostic 
potential of DEMs in capturing the premonitory defor-
mations that precede the onset of out-of-plane failure 
mechanisms in historic walls and the development of an 
explicit crack pattern.

In the specific case of the via Roversella façade, 
the methodology implemented integrates laser scan-
ning, computer science, Geographic Information System 
(GIS), and particularly BIM as its foundational com-
ponents [28]. The false-colour rendering of the eleva-
tion data, mapped onto orthogonal projection planes, 
revealed a subtle yet coherent horizontal flexure extend-
ing across the upper third of the masonry surface. This 
deformation, although imperceptible through traditional 
surveying techniques, is consistent with the hypoth-
esis of an evolving macroelemental mechanism involv-
ing horizontal bending and rotation around the truss 
anchorage zones. The localised strain concentrations, 
represented in red and yellow hues in the DEM visu-
alisation, coincide with zones of structural discontinu-
ity historically associated with spatial transitions within 

Figure 6. Front elevation along via Roversella, digital elevation mode processed in Leica Cyclone r2020.1®. The false-colour DEM highlights 
deformation patterns that are not detectable through direct visual inspection. In particular, at the junction between the gutter pipe and the 
right-hand downpipe, the red hue representative of the wall surface indicates a strain distribution consistent with the activation of an out-
of-plane overturning mechanism. This condition has then been attributed to the deterioration of the timber truss bearing support, which 
has led to a structural transition from isostatic to thrusting behaviour.
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the endonartece hall, such as the demarcation between 
the cloistered and lay areas. This correlation confirms 
the DEM’s capacity to interpret architectural transfor-
mations as potential precursors to mechanical instabil-
ity. The chronological stratification of the façade, recon-
structed through archival analysis and architectural 
interpretation, provided a more nuanced understanding 
of its structural behaviour. The area exhibiting the high-
est deformation was also the segment most affected by 
20th-century interventions, including the insertion of 
reinforced concrete floors and alterations to the original 
roofing system. These modifications induced eccentric 
load distributions and altered the thrust paths transmit-
ted by the timber trusses, thereby amplifying the flexural 
demands on the slender masonry panels. The DEM, in 
this context, became a medium through which these 
hidden effects could be quantified and localised with 
high precision. Notably, the DEM allowed for the antici-
pation of collapse kinematics by identifying deformation 
modes before the complete crack pattern associated with 
the masonry’s settling response manifested. This pre-
diagnostic function is particularly significant in herit-
age contexts, where preventive conservation strategies 

often need to operate in the absence of overt structural 
symptoms. The identification of stress trajectories and 
micro-deformational anomalies supports a predictive 
understanding of macroelement behaviour, particularly 
when integrated with knowledge of mechanical disconti-
nuities, construction techniques, and load-bearing hier-
archies. In this regard, the study demonstrated that the 
DEM could simulate an intermediate condition between 
the as-is configuration and the limit equilibrium state, 
effectively capturing a transitional phase in the struc-
tural lifecycle. This capability is especially relevant for 
walls exhibiting three-hinged arch behaviour, where the 
incipient collapse mode is governed by the alignment of 
hinges and the degeneration of in-plane restraints. The 
current case study revealed that the pushing action of 
the roof queen-post timber truss system, compounded 
by the absence of adequate counter-thrust mechanisms 
in the longitudinal direction, promoted a partial and 
localised overturning mechanism in the affected mason-
ry (Figure 7). The DEM detected this deformation as a 
differentiated surface deflection, offering a direct false-
colour visualisation of the deformation gradient along 
the affected wall surface. 

Figure 7. Former church of St. Catherine, south elevation, macroelement collapse mechanism. The representative three-dimensional model 
of the collapse mechanism is developed using Graphisoft Archicad 27®, providing a more straightforward interpretation of the triggering 
cause linked to the degradation of the roof queen-post timber truss system lying behind the masonry wall.
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The integration of the DEM into the structural 
interpretive framework thus represents a methodologi-
cal advancement that enriches the traditional visual and 
analytical toolset available to heritage engineers. The use 
of advanced geometric modelling technologies within 
HBIM environments enhances the capacity to assess the 
condition of complex building envelopes. By encoding 
deformation signals within a continuous digital surface, 
the DEM bridges the gap between metric data acquisi-
tion and structural interpretation, providing an early 
warning system that aligns with the principles of non-
destructive, reversible, and minimally invasive conserva-
tion. The approach adopted in this study demonstrates 
the value of employing DEM analysis not as a post-event 
mapping technique but as a proactive monitoring strat-
egy capable of influencing decision-making processes in 
structural conservation. 

4. CONCLUSIONS AND FUTURE PERSPECTIVES

The outcomes of the present investigation illustrate 
the potential of DEM integration into HBIM workflows 
as a decisive step forward in the structural diagnosis of 
built heritage. The ability to capture micro-deformations 
before the emergence of visible damage redefines the role 
of elevation models within conservation practice, elevat-
ing them from mere representational devices to analyti-
cal instruments that can inform structural assessments. 
This evolution aligns with the overarching aim of pre-
ventive conservation: to detect, interpret, and mitigate 
vulnerabilities before irreversible failure occurs. 

A critical implication of the proposed methodology 
lies in its capacity to embed the DEM as a structured 
information layer within the broader HBIM environ-
ment. This interoperability transforms the DEM from 
a static visual product into a dynamic data component 
capable of dialoguing with other informational strata, 
such as historical documentation, material diagnostics, 
and performance simulations. In this sense, the DEM 
becomes a semantic and geometric medium, linking the 
morphological reality of the building with the predictive 
logic of structural analysis. The case study has demon-
strated that a DEM-enhanced HBIM model can effec-
tively support the identification of stress concentrations, 
the recognition of stratigraphic discontinuities, and the 
modelling of localised instability scenarios. By spatialis-
ing these phenomena within the digital model, the HBIM 
environment transcends its original descriptive function 
and assumes a prescriptive role in defining conserva-
tion priorities. The integration of DEM data facilitates 
this transition by offering a high-resolution understand-

ing of deformations, thereby allowing the simulation of 
mechanical responses under various boundary conditions 
and anticipating potential collapse mechanisms.

Future research directions should focus on expand-
ing the use of DEM as a permanent layer in HBIM plat-
forms, moving beyond episodic applications toward 
systematic integration within digital twins of heritage 
structures. Such integration requires the development of 
standardised protocols for DEM generation, classifica-
tion, and updating, as well as the definition of metadata 
schemes that preserve the interpretative value of the ele-
vation data over time. The implementation of interoper-
able data pipelines will be crucial to ensure consistency 
across software environments and analytical domains. 
Moreover, the increasing use of IoT-enabled monitor-
ing systems and AI-based anomaly detection tools opens 
new opportunities for real-time updating of the DEM 
layer. This dynamic linkage would allow HBIM mod-
els to evolve from static repositories of past and present 
conditions into predictive environments that continu-
ously assess the stability of architectural macroelements. 
In this context, the DEM could act as a sentinel system 
capable of issuing alerts when deformation thresholds are 
exceeded, thus triggering preventive interventions. From 
a methodological standpoint, the recognition of the DEM 
as a structural information layer repositions HBIM as a 
tool not only for documentation and management but 
also for real-time structural decision-making. The inte-
gration of this layer into the HBIM paradigm responds 
to the growing need for models that are both historically 
accurate and structurally insightful. This dual capacity 
enhances the utility of digital models in supporting con-
servation strategies grounded in material authenticity, 
structural integrity, and long-term sustainability.

In conclusion, the interoperability between DEM 
and HBIM systems represents a key vector for innova-
tion in heritage conservation. The ability to integrate ele-
vation-based deformation data within a comprehensive 
digital model transforms the HBIM into a multifunc-
tional tool that supports design, analysis, and monitor-
ing. This convergence marks a shift toward a more smart 
and responsive approach to preserving built heritage, 
one in which structural understanding, digital represen-
tation, and conservation action converge within a uni-
fied methodological framework.

5. FUNDING

This contribution aligns with the author’s research 
focus on deploying advanced digital technologies for the 
critical assessment of built cultural heritage, particularly 
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Abstract. The digitization of built heritage is essential for safeguarding cultural and 
historical assets, particularly in the face of disruptive events. In this context, this paper 
assesses the resilience and operability of existing churches, supported by a compre-
hensive digitization workflow and a large dataset of data. Specifically, the work focus-
es on 26 churches of the Sulmona-Valva Diocese damaged during the 2009 L’Aquila 
earthquake. The proposed workflow integrates systematic data collection, the devel-
opment of empirical and theoretical resilience curves, and the calculation of a Global 
Resilience Index. Unlike traditional methodologies, this study incorporates restoration 
funds as a weighting factor in resilience assessments, reflecting the cultural and his-
torical importance of each structure. Additionally, the integration of data into a flex-
ible digital platform enables real-time analysis and resilience planning, supporting 
informed decision-making for urban planning and resource allocation. These digital 
platforms significantly enhance the resilience assessment of cultural heritage by ena-
bling the storage and processing of large datasets, thereby revolutionizing both aca-
demic research and operational practices. The findings highlight the potential of a 
data-driven framework to enhance the protection and conservation of heritage build-
ings in seismic-prone areas.

Keywords:	 Architectural engineering, Built heritage, Resilience, Earthquake, Church.

1. INTRODUCTION

The word “resilience”, as defined by contemporary dictionaries, refers 
to the ability of a system to return to its original state after being disturbed. 
Resilience is a multidisciplinary concept that applies to various fields, includ-
ing ecology, social sciences, engineering, and economics. In seismic engi-
neering, resilience is defined as the capacity of a system to absorb, manage, 
and adapt to seismic events. This concept is particularly crucial as it allows 
for the development of economic and political strategies aimed at reducing 
the impact of disruptive events. This study adopts an engineering-orient-
ed approach to resilience assessment, integrating empirical and theoretical 
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methods to quantify the ability of heritage churches to 
recover functionality after an earthquake.

In recent years, numerous authors have explored 
the concept of resilience from the engineering perspec-
tive, seeking ways to evaluate the resilience of specific 
or generic systems. The literature review conducted by 
Hosseini et al. [1] categorizes resilience evaluation meth-
ods into two primary types: 1) qualitative assessment 
approaches and 2) quantitative assessment procedures. 
Qualitative approaches include methods without spe-
cific mathematical formulations. Quantitative assessment 
procedures, on the other hand, offer measurable metrics 
that can be applied broadly or adapted to specific fields.

One of the first quantitative measures of resilience 
was proposed by Bruneau et al. [2-3] as the area under 
the functionality curve Q(t) of the system analyzed 
between the initial time of the extreme event t0 and the 
time corresponding to the end of the recovery process 
TR. When the extreme event is an earthquake E, these 
measures were named t0E and TRE, respectively. The 
approach proposed by Bruneau et al. [2-3] implements a 
general quantitative procedure independent of the type 
of the considered system (transport, buildings, infra-
structure, hospitals, etc.) and is considered as the start-
ing point of this work.

Over the past 15 years, many scientific publica-
tions have proposed new methods and approaches for 
quantitatively measuring resilience [4]. However, despite 
their number, these approaches can be classified into 
two macro-categories: a) probabilistic approaches and 
b) deterministic approaches, based on the presence or 
absence of a systematic evaluation of the uncertain-
ties inherent to the extreme event and the capacity of 
the system, respectively. According to the probabilistic 
approach (a), the system’s functionality must be meas-
ured using a loss estimation method that considers 
uncertainties regarding future extreme events [5-10]. 
Chang and Shinozuka [5] introduced a probabilistic 
approach for assessing resilience, measured with two ele-
ments: (i) loss of performance and (ii) length of recov-
ery. Resilience is defined as the probability that the ini-
tial performance loss of the system after an outage is 
less than the maximum acceptable performance loss and 
that the full recovery time is less than the maximum 
acceptable outage time. Youn et al. [6] define resilience 
as the sum of the passive survival rate (reliability) and 
proactive survival rate (restoration) following a disrup-
tion. Ayyub [7] measures resilience as a combination of 
“robustness” (how well a system resists problems) and 
“resourcefulness” (how quickly a system recovers). Using 
advanced probabilistic formulations, Ayyub’s [7] method 
considers both how to prevent problems (reliability) and 

how to handle them when they occur (recovery speed). 
Franchin and Cavalieri [8] developed a methodology to 
quantify the resilience of infrastructure networks fol-
lowing seismic events. Their approach evaluates network 
efficiency based on connectivity and accessibility, where 
closer node connections enhance overall performance. 
The proposed resilience index integrates multiple fac-
tors, including the number of displaced individuals, 
pre-earthquake network performance, and post-disaster 
recovery speed, with uncertainties addressed through 
a probabilistic approach. According to Cimellaro et al. 
[9-10], “resilience” is defined as a function indicating the 
capability to sustain a level of functionality. It is calculat-
ed as the area under the functionality curve, normalized 
to the control time, where the functionality is obtained 
from a probability function taking into account direct 
and indirect losses.

Other studies on resilience [11-13] determine the 
functionality of lifeline systems using deterministic 
approaches (b), based on time-dependent restoration 
curves calculated after specific earthquakes. Dueñas-
Osorio et al. [11] developed a practical time-series 
approach to quantify lifeline system resilience. Using 
restoration data from power, potable water, and telecom-
munication systems following the 2010 Mw 8.8 Offshore 
Maule, Chile, earthquake, they constructed restoration 
curves that depict the fraction of subscribers with ser-
vice over time, illustrating the recovery process. Cimella-
ro et al. [12-13] expanded upon the time-series approach 
to resilience assessment by introducing a method that 
quantifies the interdependency between critical infra-
structure systems. They developed an equation based on 
the cross-correlation function between two restoration 
curves, allowing them to calculate an interdependency 
index. This index provides a numerical value that helps 
identify the systems that contribute most significantly to 
overall recovery challenges. By quantifying these inter-
dependencies, the method enables more targeted alloca-
tion of resources, focusing on the systems that have the 
greatest impact on overall resilience. The deterministic 
nature of this approach facilitates statistical analysis of 
time series data, enabling an accurate resilience assess-
ment of the asset under consideration. For this reason, it 
was selected as the reference method of this study. How-
ever, its implementation may present limitations due to 
data scarcity. Nevertheless, in the case analyzed in this 
study, the availability of previously inaccessible datasets 
– released over the years following the 2009 L’Aquila 
earthquake – has mitigated this limitation. Although 
deterministic approaches have been widely applied to 
assess the resilience of critical infrastructures and urban 
systems, their application to historical buildings remains 
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limited. In particular, the resilience of heritage church-
es – complex architectural and structural typologies of 
essential cultural significance – has not been systemati-
cally addressed. This study aims to bridge this gap by 
adapting deterministic resilience assessment methods to 
cultural heritage.

Seismic resilience can be assessed at various levels, 
depending on the intended objective. At the individual 
structure level, seismic resilience is evaluated by meas-
uring a building’s or infrastructure’s capacity to absorb 
seismic forces and recover its lost performance. How-
ever, resilience can also be evaluated on a broader scale 
by considering multiple structures or infrastructures 
belonging to the same system, such as an urban commu-
nity, a diocese, or a local healthcare system. Resilience of 
a community is specifically defined in a framework for-
mulated by Renschler et al. [14] and Cimellaro et al. [15]. 
It subdivides resilience into seven dimensions according 
to the acronym PEOPLES: Population and demograph-
ics, Environmental/ecosystem, Organized governmental 
services, Physical infrastructure, Lifestyle and commu-
nity competence, Economic development, and Social-
cultural capital. According to the PEOPLES framework, 
physical infrastructures can be divided into two major 
groups: facilities and lifelines. The first group includes 
residential, commercial, and cultural facilities, while 
the second consists of communications, healthcare, 
food supply, utilities, and transportation. However, this 
classification neglects two basic types of facilities and 
lifelines: critical physical infrastructures and heritage 
buildings. Critical infrastructures provide essential sup-
port for economic and social well-being, public safety, 
and the functioning of key government responsibilities. 
Historical buildings are a testament to our past and key 
elements of our cultural heritage. It is crucial to estab-
lish appropriate methods and procedures to assess their 
resilience to protect and preserve them for future genera-
tions. In view of these considerations, the analysis of the 
seismic resilience of the churches is particularly relevant, 
as most of them are national architectural and histori-
cal heritage. Additionally, as churches can contain sig-
nificant numbers of people during celebrations, they can 
also be classified as critical physical infrastructures. This 
study builds upon previous works by adapting existing 
resilience assessment frameworks to the context of herit-
age churches and integrating digitalization processes to 
enhance resilience monitoring and management.

Beyond resilience assessment, digitalization has 
become increasingly relevant in heritage management. 
Digital tools facilitate the systematic collection, storage, 
and analysis of post-disaster recovery data, supporting 
informed decision-making for both structural interven-

tions and conservation planning. Several studies [16-17] 
have demonstrated that integrating seismic vulnerabil-
ity and risk assessments into digital platforms enhances 
monitoring capabilities and long-term heritage manage-
ment. However, the application of such methodologies to 
quantitative resilience modeling remains limited. This 
research addresses this gap by developing a digitization 
workflow specifically tailored for engineering resilience 
assessments, incorporating a structured data manage-
ment framework to optimize resource allocation and 
post-disaster intervention strategies.

This work presents a new path for the large-scale 
evaluation of the seismic resilience of heritage build-
ings. Using recent earthquake data, this approach adapts 
current theories on empirical and theoretical resilience 
curves to the built heritage to calculate a global resil-
ience index. Additionally, it introduces and constructs a 
framework for digitizing the resilience of the built envi-
ronment to support urban planning and resource alloca-
tion. The innovation is twofold: for the first time, data 
from different churches are used to obtain a global resil-
ience index; furthermore, this work proposes guidelines 
for implementing this process in an integrated platform 
designed to enhance the digitization of the management 
of the built environment.

To this end, the seismic resilience of 26 churches 
in the Sulmona-Valva Diocese (Abruzzi, Italy) follow-
ing the 2009 L’Aquila earthquake is assessed using both 
empirical and theoretical approaches. Initially, resil-
ience is estimated through an empirical, quantitative 
analysis of observed damage after the earthquake, with 
a damage index assigned to each church. Subsequently, 
theoretical resilience curves are calibrated based on 
empirical data, allowing for the estimation of resilience 
even when detailed data is unavailable. This calibration 
adapts methods commonly used for lifeline systems to 
the specific context of heritage structures, thus creating 
a replicable model for resilience assessment. The evalu-
ation of resilience is performed assuming that the com-
plete recovery of structural functionality corresponds 
to the completion of the works and the reopening of 
the churches. Finally, the procedure for integrating the 
churches’ data into a dynamic and flexible platform is 
implemented, as well as the definition of the logic tree 
for the automation of the entire procedure.

2. METHODOLOGICAL APPROACH

2.1 Operational Framework

The proposed methodological approach consists of 
four detailed steps that define the resilience curves for 
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heritage buildings. Each step is systematically described, 
highlighting both the methodological framework and 
the key innovations compared to the existing state of 
the art. To ensure clarity, this section presents the meth-
odological aspects independently from the case study 
results, including appropriate references to support the 
methodological framework and clearly distinguishing it 
from the empirical findings.
1.	 Data Collection: The first step involves collecting 

data for the 26 churches considered in the analy-
sis. This includes gathering values for the damage 
index of each church, which is calculated based on 
observed damage mechanisms affecting the primary 
structural elements. Additionally, data on the alloca-
tion of restoration funds and the progress of recon-
struction works are systematically collected. The 
monitoring of restoration progress is conducted on 
a bimonthly basis, allowing for a detailed temporal 
assessment of the recovery process. Although this 
step aligns with the deterministic approach to resil-
ience assessment [11-13], it introduces key innova-
tions: (1) the collected data refer to the built heritage 
rather than critical infrastructure or lifeline systems, 
(2) the damage index is used as an indicator of func-
tionality loss rather than a direct measure of func-
tional disruption, and (3) the gradual restoration of 
the monument’s functionality is assessed based on 
the progress of the restoration works. Specifically, 
the damage index is progressively reduced as a func-
tion of the percentage of allocated funds effectively 
spent on restoring functionality.

2.	 Empirical Resilience Evaluation: In the second step, 
empirical resilience curves are derived for each 
church, following a deterministic approach to quan-
titatively assess engineering resilience [11-13]. How-
ever, this study introduces two pivotal novelties. 
First, the functionality loss after the earthquake is 
calculated by using the damage index id, providing 
an innovative metric for assessing post-earthquake 
degradation. Second, the recovery function is mod-
elled based on financial investment, where the res-
toration progress is quantified according to the per-
centage of funds spent relative to the total allocated 
for the considered heritage building. This approach 
enables a more dynamic and resource-sensitive eval-
uation of resilience, distinguishing it from tradition-
al methodologies.

3.	 Theoretical Resilience Evaluation: Since constructing 
detailed empirical resilience curves requires acquir-
ing a substantial amount of data, which is not always 
available, the empirical data were used to calibrate 
and adapt theoretical formulations from the litera-

ture [10], which are generally applied to lifeline sys-
tems, to the context of Italian built heritage. 

4.	 Calculation of the Global Resilience Index: For each 
analyzed heritage building, the average functionality 
over time is calculated, following the approach sug-
gested by Bruneau et al. [2-3]. As an innovative con-
tribution, this study introduces a Global Resilience 
Index, which quantifies the overall seismic resil-
ience of the entire church system. Unlike traditional 
approaches, this index is computed by weighting the 
resilience contribution of each church in proportion 
to the percentage of funds allocated to its restora-
tion, relative to the total funds assigned to the entire 
church system. This methodology provides a more 
representative measure of systemic resilience, high-
lighting the role of financial investment in post-dis-
aster recovery at a network scale. 

2.2 Comparison with Existing Approaches

Although previous studies have developed determin-
istic approaches to assess the resilience of lifeline sys-
tems and critical infrastructure [2-3, 11-13], these meth-
ods cannot be directly applied to buildings, particularly 
to the built heritage. This study overcomes this limita-
tion by introducing the following innovative aspects 
compared to existing methodologies:
–	 Traditional approaches typically assess direct func-

tional disruption, whereas this study models func-
tional loss using the damage index id, offering an 
assessment of functionality directly related to the 
effects of the earthquake on the building.

–	 Existing models often assume standardized recovery 
functions, while the proposed methodology incorpo-
rates financial investment as a key driver of recovery, 
using the percentage of funds spent as a dynamic 
indicator of resilience.

–	 Previous applications of resilience indices do not 
consider heritage networks, whereas this study intro-
duces a Global Resilience Index that quantifies sys-
temic resilience across multiple heritage buildings, 
weighting each contribution based on allocated res-
toration funds.

3. DEFINITION OF THE RESILIENCE CURVES

3.1 Data Collection

The first step in defining global resilience in a ter-
ritorial context is a) to identify and locate the building 
systems to be analyzed and b) to assess the damage sus-
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tained by each building through the determination of a 
comprehensive damage index. In this work, a system of 
churches belonging to the Sulmona-Valva Diocese was 
analyzed. This diocese is located in the ecclesiastical 
province of L’Aquila (Italy) and includes 251 churches 
distributed across 49 different municipalities. The seis-
mic damage sustained by masonry churches in the Sul-
mona-Valva Diocese after the 2009 L’Aquila earthquake 
was extensively analyzed by De Matteis et al. [18]. Their 
analysis focused specifically on three-nave churches, 
which represent 14% (26 buildings) of the total num-
ber of churches in the diocese. The selection of these 
churches was motivated by the substantial homogeneity 
found in terms of materials, geometric ratios, and archi-
tectural typology.

After examining the damage caused by the 2009 
earthquake, De Matteis et al. [18] identified 28 damage 
mechanisms affecting the primary macro-elements of 
the analyzed churches (such as façade, colonnade, vaults, 
apse, transept, dome, and bell tower), in accordance with 
the Italian Code for the reduction of seismic risk of cul-
tural heritage [19]. These mechanisms provide a compre-
hensive understanding of the vulnerabilities exhibited 
by various parts of the church structures during seismic 
events. De Matteis et al. [18] also defined six possible lev-
els of damage, denoted as dk, ranging from 0 to 5. A level 
of dk = 0 indicates that no damage has occurred to the 
macro-element, or that the macro-element is not present, 
while dk = 5 represents a complete collapse of the macro-
element. To provide an overall assessment, a global dam-
age index id is assigned to each church analyzed, using 
the following equation, as suggested by [19]:

ρ

ρ � (1)

where (ρk,i) is a weight score, ranging from 0 to 1, based 
on the influence that the mechanism i has on the global 
structure stability. Table 1 identifies location, foundation 
period, acronym and damage index of each of the 26 
churches of the Sulmona-Valva diocese examined by De 
Matteis et al. [18] and used in this work for the calcula-
tion of the resilience of the ecclesiastic system.

In order to obtain resilience curves for the individ-
ual churches, all information regarding public funding 
allocated by authorities for post-earthquake reconstruc-
tion was collected, including the start and completion 
dates of the works as well as the progress of the works 
at bimonthly intervals. The data were obtained by con-
sidering the reports of the funds allocated by the MiC 
(Ministero della cultura - Ministry of Culture) and work 

assignment decrees for the period before the year 2012 
and, the bimonthly monitoring reports from the USRA 
(Ufficio Speciale Per la Ricostruzione dell’Aquila - Special 
Office for the Reconstruction of L’Aquila), for the period 
from 31/10/2013 to 30/06/2024 [20]. The USRA monitor-
ing reports provide, for each funded intervention, the 
type of intervention, the cost, the first disbursement of 
funds, the estimated completion date, the implemen-
tation status (design, execution, testing, or completed 
intervention), and the percentage estimate of work pro-
gress. Where not specifically indicated, the initial fund 
disbursement has been considered as coinciding with the 
start of work. 

Table 2 summarizes the information gathered for 
the churches listed in Table 1. Note that information 
on the funds received and the corresponding start date 
of work was available for only 16 of them. According to 
the information gathered in this study, other churches 
have not undergone any type of post-earthquake inter-
vention, and for this reason, their resilience was not 
analyzed in this study. Specifically, Table 2 includes the 
project description along with the corresponding fund-
ing, the total cost of the intervention, the date of the 
initial funding, the completion date, and the estimated 
percentage of work completed for some of the monitored 
periods. This analysis revealed that some churches, such 
as San Francesco (SFR) in Castelvecchio Subequo Santa 
Maria Assunta (SMS) in Castel di Ieri, San Pelino (SPE) 
in Corfinio or San Pietro Celestino (SPC) in Pratola Pel-
igna, were restored shortly before the earthquake, and 
no further consolidation interventions were planned. For 
other churches, again located in the province of L’Aquila, 
such as San Marco Evangelista (SME) in Castel del Mon-
te or San Martino (SMA) in Gagliano Aterno, the resto-
ration interventions have only recently begun, and the 
completion date remains unknown.

Table 2 also highlights that the allocated funds are 
not always proportional to the damage indices assessed 
after the 2009 L’Aquila earthquake. This discrepancy 
is shown in Figure 1, where, for each analyzed church, 
both the amount of allocated funds and the damage 
index following the 2009 earthquake are reported. It 
should be noted that the amount of funds allocated may 
depend more on the church’s historical and artistic value 
rather than solely on the damage index, reflecting specif-
ic choices in funding allocation.

3.2 Empirical Resilience

The resilience of a community, a system of build-
ings, or a single structure to a disastrous event can be 
represented through a curve. On the x-axis, there is the 
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time t, starting from the catastrophic event (or immedi-
ately before), up to the period when the system has fully 
regained its original functionality. The y-axis represents 
the system functionality Q(t). Before the event, function-

ality is at 100%. When the event occurs, functionality 
drops sharply, followed by a recovery phase. The speed 
of recovery depends on the community’s recovery capac-
ity, political choices, and availability of funds.

ID Church Municipality Acronym Construction century Damage Index 

1 San Marco Evangelista  Castel del Monte  SME XV 0.277 

2 Santa Maria Della Pace  Capestrano  SMP XVII 0.296 

3 San Martino  Gagliano Aterno  SMA XIV 0.360 

4 San Francesco  Castelvecchio Subequo  SFR XIII 0.197 
5 San Benedetto Abate  San Benedetto in Per illis  SBA VIII 0.072 

6 San Giovanni Battista ed Evangelista Castelvecchio Subequo  SGE XVIII 0.203 

7 San Pietro ad Oratorium  Capestrano  SPO VIII 0.096 

8 Santa Maria Assunta  Castel di Ier i  SMS XV 0.352 

9 Santa Gemma  Gor iano Sicoli  SGM XVI 0.637 

10 Santa Maria Nova  Gor iano Sicoli  SMN XVI 0.451 
11 Santa Maria Del Borgo  Vittor ito  SMB XVI 0.048 

12 Santa Maria Maggiore  Raiano  SMM XV 0.128 

13 Basilica di San Pelino  Cor finio  SPE XI 0.027 

14 San Michele Arcangelo  Roccacasale  SMI XIII 0.083 

15 Madonna Della Libera  Pratola Peligna  MDL XVI 0.080 

16 San Pietro Celestino  Pratola Peligna  SPC XV 0.064 
17 Santa Maria Delle Grazie  Anversa degli Abruzzi  SGR XVI 0.232 

18 Santissima Annunziata  Sulmona  SSA XIV 0.067 

19 San Panfilo  Sulmona  SPA XI 0.112 

20 San Domenico  Sulmona  SDO XIII 0.216 

21 Santa Maria Della Tomba  Sulmona  SMT XIII 0.016 

22 Santa Maria Maggiore  Pacentr o  SMR XVI 0.080 
23 Santa Maria Della Valle  Scanno  SMV XII 0.027 

24 San Salvatore  Cansano  SSL XII 0.152 

25 San Nicola  Cansano  SNB XIII 0.152 

26 Santa Maria del Carmelo  Villa Scontrone  SMC XVIII 0.000 

 

Table 1. Location, foundation period, and damage indices of the three-nave churches belonging to the Sulmona-Valva Diocese analyzed by 
De Matteis et al. [18] and used in this work for the calculation of the resilience of the entire ecclesiastical system. Dataset of Damage Index 
is derived from De Matteis et al. [18] and is here presented in a new tabular format. © 2025, Authors.

Figure 1. Funds allocated for each analyzed church that received funding compared with the corresponding damage index assessed after 
the 2009 earthquake. © 2025, Authors.
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Table 2. For each of the analyzed churches: project description, total cost of the intervention, date of initial funding, completion date, and 
estimated percentage of work completion across several monitored periods. © 2025, Authors.
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The data collected on the 16 churches analyzed and 
shown in Table 2 allowed for the plotting of their empir-
ical resilience curves, characterized by data directly 
observed on-site (Figure 2). In this case, the date of the 
disastrous event corresponds to April 6, 2009, the date 
of the L’Aquila earthquake, and the points on the x-axis 
correspond to the dates when the progress of the works 
was monitored. The points on the y-axis, corresponding 
to the restoration of functionality, were derived based 
on the damage index id and the percentage of work com-
pletion. Specifically, at each time ti, id was scaled as a 
function of the corresponding percentage of work com-
pletion. In the case of churches undergoing multiple 
interventions, the damage index was scaled based on 
the cost of each intervention and its completion status. 
Subsequently, the functionality Q(ti) was calculated as 
indicated in Eq. 2. In this way, a null damage index id,ti 
corresponds to a functionality Q(ti) of 100%, while, for 
example, id,ti = 0.2 corresponds to Q(ti) = 80%.

� (2)

where Q(ti) is the functionality of the considered church 
at the time ti and id,ti is the corresponding damage index.

Figure 2 shows the empirical resilience curves for 
some of the churches listed in Table 2. These curves 
exhibit substantial and significant differences compared 
to the restoration curves found in the literature, which 
focus on different types of lifeline systems [11-13]. Spe-
cifically, in this case, there is a long period t between the 
occurrence of the event and the start of recovery and 
consolidation works, which can vary from a few years 
to over ten years. There are, in fact, churches that, more 
than 15 years after the event, have just started or have 
yet to begin restoration and consolidation works (SMA, 
SGE, SGM), despite the funds having been allocated 
long ago.

Generally, there is a minimum level of functional-
ity below which structural recovery is no longer cost-
effective, as the physical structure of the building has 
been damaged to such an extent that its original func-
tionality can no longer be restored with an efficient 
cost-benefit ratio. In such cases, the structure is typi-
cally replaced with a new building serving the same 
functions as the original one. From a resilience per-
spective, this concept can be expressed as the presence 
of a Minimum Functionality (MF) Level, below which 
the structure is unable to recover its original func-
tion. Heritage buildings are characterized by very low 
or null MF coefficients, as their recovery is not deter-
mined by an optimal cost-benefit ratio but by the goal 
of preserving and passing cultural and historical her-

itage to future generations. In this study, none of the 
analyzed churches reached their MF coefficient, as the 
maximum observed damage after the 2009 L’Aquila 
earthquake was 0.637, according to [18].

3.3 Theoretical Resilience

Constructing detailed empirical resilience curves 
often demands a substantial volume of data, which may 
not be readily available for all contexts. To address this 
limitation, empirical data were leveraged to calibrate and 
adapt theoretical formulations commonly applied to life-
line systems to the unique characteristics of Italian built 
heritage. The use of a limited dataset calibrated with real 
data enables the estimation and comparison of resilience 
across various built heritage systems. This approach also 
supports the digitalization and automation of resilience 
assessment processes for entire systems, offering a repli-
cable methodology.

The works of Cimellaro et al. [9-10], as well as stud-
ies using their method [e.g., 21-26] state that the recovery 
of a system can follow three different theoretical curves 
frec: (a) linear, (b) exponential [26] and (c) trigonometric 
[6]. The most basic approach is a linear recovery func-
tion (a), typically applied when no information is avail-
able on preparedness, resource availability, or societal 
response. An exponential recovery function (b) may be 
suitable when an initial influx of resources is present, 
with the recovery rate gradually slowing as the process 
nears completion. A trigonometric recovery function (c) 
can be used when societal response and recovery are 
limited by a lack of organization and/or resources

� (3)

π

where frec is the recovery function, which is the comple-
ment of Q(t), a is the global damage index of the consid-
ered church after the earthquake, b is a constant value 
calculated using curve fitting to available data sources, 
t0E is the instant of time when the earthquakes occur, 
and TRE is the recovery time necessary to go back to pre-
disaster condition evaluated starting from t0E.

The type of recovery curve is influenced not only 
by the specific characteristics of the system but also, 
and more importantly, by the level of damage caused 
by the earthquake. When a structure experiences mini-
mal damage, its recovery is typically rapid and follows 
an exponential curve over a short period of time. Con-
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versely, when a structure suffers extensive or moderate 
damage, the recovery of its original functionality is likely 
to be slow and follows a trigonometric curve. Figure 3 
shows the recovery curves as a function of the damage 
level caused by the seismic event, as well as the mini-
mum functionality level below which the original system 
is generally not restored.

The empirical resilience curves shown in Figure 2 
were compared with the theoretical resilience curves. 
This comparison was adapted to the Italian context by 
adjusting the theoretical approach presented in Figure 3. 
Typically, a disruptive event is immediately followed by 
the reconstruction process; however, in the case of the 
three-nave churches in the Sulmona-Valva Diocese, there 
is an extended delay between the L’Aquila earthquake 
and the start of recovery efforts. Consequently, Equa-

tions 3a, 3b and 3c were applied by setting t0E to the date 
when securing, consolidation, or restoration work began 
on the churches, rather than the instant when the earth-
quake occurred. For instance, Figure 4 displays com-
parisons between the empirical and theoretical resilience 
curves for some of the analyzed churches. It is observed 
that this adjustment to t0E enables the empirical resil-
ience curves to align with the theoretical ones. This 
alignment suggests that, even without continuous moni-
toring of the reconstruction progress, a resilience curve 
can be hypothesized based on the known end of the 
works and the period between the destructive event and 
the start of reconstruction, allowing for the derivation of 
the corresponding resilience index, which is equal to the 
area under the curve.

Figure 2. Empirical resilience curves of the three-nave churches of the Sulmona-Valva Diocese after the 2009 L’Aquila earthquake. © 2025, 
Authors.
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3.4 Global Resilience Index

To develop a global resilience index, it is first essen-
tial to determine the average functionality over time for 
each church. Each church’s resilience curve represents 
its functionality Q(t) as a function of time t. By calculat-
ing the average functionality over the observation period 
(i.e. the area under the functionality curve), a representa-
tive measure of each church’s resilience is obtained:

� (4)

where Qi(t) denotes the functionality of church i at 

time t, and T represents the total observation period 
(from the earthquake occurrence to the completion of 
restoration).

The resilience of the single heritage building is cal-
culated as a percentage. A resilience of 100% indicates 
that the heritage structure did not sustain damage from 
the disruptive event, or that no damage occurred. Con-
versely, a resilience of 0% indicates a total collapse of 
the historical building, with no intent or possibility of 
restoring the lost functionality. For example, a resilience 
of 50% may correspond to a damage index of 1, while 
higher resilience values correspond to progressively low-
er damage indices. Resilience is calculated as the area 
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Figure 3. Recovery curves as a function of the damage level generated from a seismic event and the minimum functionality level below 
which the original system is not generally restored (in red). © 2025, Authors.

Figure 4. Comparison between empirical (in black) and theoretical (in antique rose) resilience curves for the SMT, SMM and SDO 
churches. © 2025, Authors.
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under the curve, normalized over the observation period 
T. Therefore, for the same disruptive event, if the restora-
tion start, recovery function, and damage index remain 
unchanged, the resilience value is the same whether T is 
10 or 20 years. When the start date of restoration does 
not coincide with the disruptive event, the recovery 
curve does not begin immediately after the event but at 
the start of the restoration work. Nevertheless, resilience 
is always calculated as the area under the Q(t) curve 
between the disruptive event and the completion of 
work. Where there is no completion date, the reference 
point is the date of the last monitoring.

In developing a Global Resilience Index that reflects 
the overall seismic resilience of the church system, this 
study introduces a novel approach: weighing the resil-
ience contributions of individual churches based on the 
funds allocated for their restoration. This methodology 
leverages the assumption that higher restoration fund-
ing correlates with greater historical, cultural, or social 
importance, offering an indirect but pragmatic indica-
tor of priority. In existing literature, resilience indices 
often rely on factors such as structural vulnerability, 
geographic location, or specific damage assessments as 
primary criteria for weighing resilience elements (see, 
for instance, methodologies by Cimellaro et al. [14-15] 
in the PEOPLES framework apply a resilience-based 
design in urban settings). However, this approach does 
not account for the significance of cultural heritage in 
resilience, nor does it directly incorporate financial con-
siderations as a reflection of priority.

For each church i, a weight Wi proportional to the 
allocated restoration funds Fi was assigned:

� (5)

where the sum of weights equals 1. This weighted 
approach provides a Global Resilience Index (Rglobal) cal-
culated in percentage terms as:

� (6)

where Qi represents the average functionality over time 
for each church, expressed as a percentage. By adopt-
ing restoration funding as a weighting factor, this study 
aligns resilience calculations with practical, real-world 
considerations, enhancing the representation of both 
recovery dynamics and cultural importance. This 
approach also supports resource allocation strategies 
that align with both structural resilience and heritage 
conservation. 

3.5 The Global Resilience Index Application

The Global Resilience Index for the three-nave 
masonry churches in the Sulmona-Valva area was calcu-
lated using theoretical resilience curves for 12 churches 
from a dataset of 26 with sufficient data. As previously 
mentioned, in the absence of sufficient data, it is possi-
ble to calculate theoretical resilience. To demonstrate 
the potential of this approach, the theoretical model was 
validated by assuming the absence of certain data and 
then compared with the empirical calculation. The cal-
culated resilience, weighted according to the allocated 
restoration funds, resulted in a value of 88.5%, reflecting 
a generally high resilience of Abruzzo’s churches to seis-
mic events. 

The procedure was repeated by constructing theo-
retical resilience curves without accounting for the time 
between the destructive event and the start of restora-
tion, while maintaining the same completion date, per-
centage of work completed, and resilience function. This 
approach allowed for the calculation of an ideal resil-
ience index of 90.8%. It should be noted that in this case, 
the same completion date was maintained. If, instead, 
the duration of the consolidation works is kept con-
stant by eliminating the delay between the destructive 
event and the start of works – thus moving the comple-
tion date earlier – the resilience became equal to 94.2%. 
These results emphasize the impact of timely resource 
allocation by public authorities, illustrating how more 
immediate interventions can substantially enhance the 
resilience of cultural heritage.

4. DIGITIZATION OF RESILIENCE CURVES

4.1 Digitization workflow

The digitization workf low for assessing the seis-
mic resilience of heritage buildings follows a system-
atic approach that integrates data collection, analysis, 
dynamic visualization and strategic planning into a 
coherent framework. This workflow focuses on an auto-
mated data management system tailored to resilience 
assessment. It is designed to guide the entire process, 
from gathering initial damage data to implementing a 
dynamic digital platform for ongoing management and 
resilience planning. The goal is to provide a scalable and 
adaptable tool for monitoring restoration progress, quan-
tifying resilience indices, and supporting decision-mak-
ing for conservation strategies. 

The workflow is divided into five main stages, from 
raw data collection to digital representation and resil-
ience assessment:
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–	 Data Collection and Organization. A georeferenced 
Innovative Technology (IT) platform is constructed 
using a system based on Geographic Information 
System (GIS) to spatially organize and visualize 
resilience data. This platform allows for the precise 
localization of each heritage building and the collec-
tion of relevant information, including post-earth-
quake damage indices, allocated restoration funds 
and restoration progress tracking, conducted on spe-
cific time intervals for precise monitoring. 

–	 Implementation of a Structured Database. Data 
is structured in a relational database, where each 
church identification (ID) serves as a unique ref-
erence, enabling continuous monitoring of the 
building’s resilience evolution. To ensure real-time 
updates, the system is designed to interface directly 
with public databases that publish information on 
allocated restoration funds (e.g. [20]). This integra-
tion allows for automated retrieval of funding data, 
ensuring that resilience calculations remain dynami-
cally updated as new funding rounds are approved 
or disbursed.

–	 Development of Resilience Curves. Empirical resil-
ience curves are constructed based on the percent-
age of completed restoration work. In cases where 
data is not available, theoretical resilience curves are 
developed using average data from similar churches, 
with the potential application of machine learning 
algorithms to enhance predictive accuracy. At this 
stage, analyses are conducted at the building scale, 
and algorithms are implemented within the platform 
to dynamically plot resilience curves, ensuring real-
time assessment.

–	 Identification of a Global Resilience Index. The Rglobal 
index is calculated as a weighted average based on 
the resilience of individual buildings and the funds 
allocated for their restoration, reflecting the overall 
system’s resilience. In this case, a territorial scale is 
used to provide the resilience dynamics of the over-
all heritage system, which are displayed in a graphi-
cal real-time interface.

–	 Planning of Safety Measures for the Heritage Sys-
tem. Based on the resilience analysis, this final stage 
focuses on identifying buildings with lower resil-
ience so that policymakers and stakeholders can 
adequately and reasonably plan the allocation of 
funds, safety measures, or restoration interventions 
needed. To assist this process, the system can pro-
vide recommendations for prioritizing funds, securi-
ty measures, and interventions upon request, ensur-
ing optimal heritage preservation strategies.
Figure 5 provides a visual representation of the 

digitization workf low, highlighting each stage and 
illustrating how data flows from collection to analysis 
and implementation. Each step is interconnected, and 
each piece of information is essential to the next step, 
supporting an efficient resilience strategy for heritage 
buildings.

4.2 Limitations and future directions

From an operational perspective, the web-based 
platform and digitization workflow can vary in complex-
ity. For instance, the algorithm for identifying resilience 
can be implemented on a basic platform, working as an 
Excel sheet, where specific details for each church ID are 
recorded. 

On the other hand, a more advanced platform, 
which could be developed through future research, 
would significantly enhance functionality. The proposed 
georeferenced computing platform and GIS-based sys-
tem outlined in this study represent a conceptual frame-
work for future implementation, aimed at improving 
data integration, automation, and visualization capa-
bilities. Once fully developed, this system would enable 
automated calculations, real-time data retrieval from 
public databases, and dynamic visualization of resilience 
metrics, providing a scalable and adaptive tool for herit-
age conservation strategies.

5. CONCLUSIONS

This paper presents a comprehensive approach to 
assessing the resilience and operability of heritage churches 
impacted by the 2009 L’Aquila earthquake. The proposed 
workflow integrates systematic data collection, empirical 
and theoretical resilience curve development, and a global 
resilience index calculation to support informed decision-
making and enhance resilience planning.

The key aspects covered in this paper and the inno-
vative contributions include:
(a)	 The quantitative calculation of resilience for cultural 

heritage, addressing the gap in the existing scientific 
literature related to quantitative resilience studies, 
which have primarily focused on lifeline systems 
and, more recently, on schools.

(b)	 The development of empirical resilience curves 
based on restoration funding allocation and the 
monitoring of work progress, offering a novel per-
spective on how financial resources impact resil-
ience.

(c)	 The comparison and calibration of empirical and 
theoretical resilience curves, including the adap-
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tation of theoretical models to cultural heritage 
cases. Constructing detailed empirical resilience 
curves often requires substantial data, which may 
not always be available. To address this, empiri-
cal data were used to calibrate theoretical resil-
ience functions, adapted from lifeline systems to the 
unique characteristics of Italian built heritage. This 
approach enables the estimation and comparison of 
resilience across heritage systems, supports the digi-
tization and automation of resilience assessments, 
and provides a replicable methodology.

(d)	 The calculation of a global resilience index, which 
aggregates the resilience of individual churches, 
weighted by the allocated restoration funds, reflect-
ing both their physical resilience and their cultural 
and historical significance. These results highlight 
the critical role of timely resource allocation by pub-
lic authorities, demonstrating how prompt interven-
tions can significantly enhance the resilience of cul-
tural heritage.

(e)	 The creation of a digitization workflow designed 
to facilitate easy resource allocation and interven-
tion planning, ultimately improving the resilience of 
built heritage and preparing it for potential disrup-
tive events.
Overall, the findings demonstrate that the proposed 

framework not only advances current methodologies for 
resilience assessment but also provides a practical tool 
for enhancing the preparedness of heritage buildings for 
disruptive events. Future research could integrate this 

approach with advanced predictive technologies, such 
as machine learning, to further enhance resilience mod-
eling and improve accuracy.
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Abstract. This paper presents the initial findings of a research program funded by the 
EU Recovery Plan, which includes a doctoral project focused on promoting knowledge 
and enhancing contemporary architectural heritage through the creation of a digital 
archive dedicated to public works built in Genoa from 1945 to the present. Conduct-
ed in collaboration with national and international institutions, the research focuses 
on 20th-century architecture, a form of heritage often undervalued and in need of 
maintenance or refurbishment. In agreement with the Municipality of Genoa, the 
study begins with post-war museums, recognized for their national and international 
significance. These works are now facing the phase of renovation, and it is crucial to 
understand if and how their conservation and valorization can be combined with the 
adaptation needs. The project, based on the analysis of unpublished archival docu-
ments, aims to preserve materials otherwise at risk of deterioration and to support the 
development of a public documentation center. The archive enables the reconstruction 
of the museums’ complex histories, shedding light on design integrity, authorship, and 
transformation causes - key information for planned interventions. The critical selec-
tion, digitization, and dissemination of these materials will create a resource accessible 
to both scholars and the general public, fostering broader awareness of contemporary 
architectural heritage and its values.

Keywords:	 Contemporary architecture, Heritage, Museums, Enhancement, Digital 
archive.

1. INTRODUCTION

The construction and architectural production of the 20th century, which 
was quantitatively very significant compared to previous epochs, has attract-
ed increasing attention from the cultural and scientific world in recent dec-
ades, for various reasons. On the one hand, we have witnessed a gradual and 
pervasive process of “patrimonialization” [1], which has extended the concept 
of “heritage” from individual objects of recognized historical and artistic 
value to broader episodes and contexts that recount the social and produc-
tive history of communities, including intangible and built landscapes. On 
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the other hand, we are faced with a large amount of built 
heritage, often in a precarious state of conservation, for 
which there is no widespread public appreciation. It is 
therefore necessary to reflect on the reasons and crite-
ria that could support the selection and valorization of 
works that are so diverse in terms of architecture, con-
text, and construction.

For the last two decades, the Ministry of Culture 
(MiC) has also been dedicating resources to this area of 
research, launching an extensive national campaign for 
the selection of architectural works from the second half 
of the 20th century and the beginning of the new millen-
nium, with a view to their potential protection, enhance-
ment and dissemination to a wider audience. In Octo-
ber 2022, MiC’s Directorate-General for Contemporary 
Creativity (DGCC) and Fondazione Scuola Beni Attività 
Culturali organized two study days entitled “Inheriting 
the Present”, during which the new platform of the Cen-
sus of Italian Architecture from 1945 to the Present [2] 
was presented. This mapping project has involved the 
collaboration of several Italian universities, including the 
University of Genoa (UniGe) since 2009 (under the sci-
entific responsibility of Stefano F. Musso and Giovanna 
Franco).

Indeed, the many architectural heritages of the 20th 
century are part of a modern and contemporary history 
whose historical sense is not yet fully established, nor 
its value widely recognized. This historiographical and 
value indeterminacy constitutes a critical and methodo-
logical challenge, even before a technical one [3]. The 
approach to modern and contemporary architectural 
and urban heritage - whether through efforts to experi-
ence, preserve, and assimilate it, or, conversely, to deny 
and destroy it - is shaped by complex and still unsettled 
processes of selection.

2. STATE OF THE ART

A first look at this heritage cannot ignore historio-
graphic approaches aimed at identifying meanings and 
values beyond everyday use. The more recent the herit-
age, the more we perceive it as embedded in a condition 
of processuality and simultaneity, which makes attribut-
ing shared values difficult. This requires both temporal 
distance and a respectful attitude in terms of conserva-
tion and enhancement. The 20th century has brought a 
level of complexity in which individual and collective 
actions, as well as economic, political, social, cultural, 
and technical values, are intertwined. These works are 
«the repository of attempted institutional, bureaucrat-
ic, technical and artistic rationalities; they bear wit-

ness to the layering of constantly renewed policies and 
social imaginaries» [4]. This complexity, together with 
a dimension of simultaneity or synchronicity (one of the 
fundamental implications or possible declinations of the 
term “contemporary”) [5], inevitably influences the way 
we perceive built artifacts. Time is a fundamental key in 
the processes of “signification”: it transforms the built 
material, determining new aesthetic canons and evolu-
tions in taste.

The legacy of the recent past plays a crucial role in 
shaping both individual and collective memory [6]. It 
is therefore legitimate and necessary to ask whether a 
“cultural memory” of 20th-century architecture exists 
and whether this memory constitutes a basis for its 
recognition as heritage. Addressing these questions 
requires interpreting the idea of testimony or trace [7] 
and reflecting on the possibility that places can trans-
mit values strong enough to justify protection, preserva-
tion, and appropriation by the communities that inhabit 
them. However, a close examination of the 20th-century 
production is not limited to the historiographical theme 
alone. Studying this topic provides an opportunity to 
reflect on possible interpretations of controversial yet 
unavoidable history [8-9].

The research project presented here is situated with-
in this broader context and aims to document, study, 
digitize, and disseminate a cultural heritage emerging 
from historically significant episodes that remain only 
partially understood and therefore potentially neglect-
ed. The idea of a digital archive stems from the national 
census campaign on contemporary architecture initiated 
by the former Directorate General for Contemporary Art 
and Architecture (now DGCC), in collaboration with the 
then Regional Directorates and local Superintendencies. 
In Liguria, this campaign was carried out by the Depart-
ment of Architecture and Design at the University of 
Genoa and resulted in the publication of “Architetture in 
Liguria dopo il 1945” (Figure 1) [10].

A key methodological challenge of the census, pub-
lished in 2016 (Figure 1), was to define criteria for iden-
tifying works of «relevant historical-artistic interest» 
(according to the Cultural Heritage Code). These criteria 
sought to assess each work’s critical significance within 
its historical period from diverse disciplinary, cultural, 
and technical perspectives. Evaluations focused on:
–	 The importance of the author, regardless of the criti-

cal fate of each work. 
–	 The building types and uses, also considering some 

particular innovations in the relation between the 
creation of space and its perception. 

–	 The relevance and significance of the work for the 
social community of reference (industrial architec-
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tures, maritime colonies) or in the Italian and inter-
national cultural debate. 

–	 The relationship with the urban or landscape and 
environmental context, particularly important in 
the complex, fragile, and delicate Ligurian territory, 
where construction is traditionally based on terrac-
ing. 

–	 The evolution of the construction logic and princi-
ples, along with the use of materials that were inno-
vative for the period.
This effort led to a census of approximately 600 

works spread across the regional territory. For each, 
descriptive records were created based on ICCD (Central 

Institute for Cataloguing and Documentation) catalogu-
ing standards (Sheet A), then uploaded to the MiC por-
tal and the geoportals of the Liguria Region [11] and the 
Municipality of Genoa [12] (Figure 2). This large amount 
of data forms the basis of the research presented here.

An additional outcome was the development of 
LigurArch900 (Figure 3), a mobile application offer-
ing dynamic, keyword-driven, and thematic itineraries. 
While the printed volume presented a curated selection, 
the broader aim of the census was to promote the wide-
spread dissemination of its results. This has opened new 
research directions, particularly the creation of a digital 
archive to organize and provide access to the extensive 

Figure 1. “Architetture in Liguria dopo il 1945”, volume edited by Giovanna Franco and Stefano Francesco Musso. The book represents the 
scientific and informative basis for the research presented in this article. Image composition by the authors.
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Figure 2. “Architetture dal 1945 ad oggi”, section of the geoportal of the Municipality of Genoa that collects the outcomes of the census car-
ried out by the university and published in 2016. Image composition by the authors.
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iconographic, bibliographic, and documentary materials 
collected during the campaign. Such a resource would 
help overcome the current fragmentation and dispersal 
of documentary materials, scattered among various pub-
lic and private institutions, and serve as a critical infra-
structure for preserving, studying, and disseminating 
recent architectural heritage.

This initiative also aligns with ongoing trends in 
the digital transformation of architectural archives, 
which have accelerated the digitization of analog col-
lections and increasingly deal with born-digital records. 
Additionally, it builds on a growing ecosystem of digi-
tal archives and catalogues dedicated to contemporary 
architecture, both nationally and internationally. In Italy, 
notable examples include the Archivio degli Architetti 
portal of the National Archival System (SAN), the plat-
forms of MAXXI’s Architecture Archive Center, IUAV’s 
Archivio Progetti, the CSAC of the University of Parma, 
and the Carlo Scarpa Archive in Castelvecchio. Inter-
national references, such as the DOCOMOMO Virtual 
Exhibition (MoMove), the Collection Platform of Het 
Nieuwe Instituut, and the Getty Research Institute’s 
Architecture & Design Collection, exemplify how pub-
lic engagement is promoted through the adoption of 
narrative approaches, interactive tools, and user-friend-
ly interfaces. These cases highlight how architectural 
archives are evolving from static repositories into active 
instruments of cultural dissemination, capable of shap-

ing collective memory and reaching audiences beyond 
the academic sphere. In line with this perspective, the 
Genoese project seeks to position itself within this inter-
national network, experimenting with open-access mod-
els and interpretative approaches that engage both spe-
cialists and the general public.

However, despite the proliferation of such digital 
repositories, the consistent and coordinated adoption 
of international archival description standards, such as 
ISAD(G) and ISAAR(CPF), and metadata standards, 
such as METS and Dublin Core, remains uneven. Ini-
tiatives like the International Image Interoperability 
Framework (IIIF) aim to promote further standardiza-
tion and interoperability, fostering the shared use and 
cross-institutional circulation of digital content. Grow-
ing attention to accessibility, openness, and collaboration 
is reshaping archival practices, with the broader goal 
of democratizing access to knowledge and promoting a 
more inclusive cultural memory.

3. OBJECTIVES OF THE RESEARCH

The main outcome of the research is the design of a 
digital archive that will collect the most significant pub-
lic architectures built in Genoa from the second half of 
the 20th century to the present, creating an irreplaceable 
knowledge base for the proper management, preserva-

Figure 3. LigurArch900, a digital application for smartphones and tablets, represents another outcome of the 2016 census. Image composi-
tion by the authors.
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tion, and enhancement of this heritage, rightly consid-
ered more fragile than the historical one.

The digital archive, initially developed through col-
laboration between the University of Genoa (which 
already hosts its own Archivio di Architettura) and the 
Municipality, may be enriched with private acquisitions, 
following the example of other major Italian architec-
tural archives and in agreement with other local insti-
tutions (Fondazione Ordine Architetti, Fondazione 
Palazzo Ducale, Archivio Wolfsonian, Archivio Fondazi-
one Renzo Piano). A specific agreement has been signed 
between the Department of Architecture and Design 
(UniGe) and the Directorate of Public Property and 
Heritage (Municipality), which is responsible for coordi-
nating with other municipal offices to provide access to 
their respective archives, currently only paper-based and 
fragmented. The research may also involve the Territo-
rial Information Systems Office (Municipality), whose 
GeoPortale already includes the results from the Univer-
sity-led census of key architectural works.

This project is intended to foster connections among 
public institutions, such as the Municipality, the Metro-
politan City, the University, and peripheral bodies of the 
MiC, and to join a national and international network of 
contemporary architecture archives and research cent-
ers. Although the archive prototype is being developed 
within the scope of doctoral research, its structure has 
been conceived for future scalability, with the long-term 
goal of establishing a replicable and adaptable model to 
support local authorities, cultural organizations, and 
academic research at multiple levels. This approach seeks 
to address the knowledge gaps critical for future inter-
ventions and to promote greater awareness and sensitiv-
ity toward contemporary architecture, a form of heritage 
whose values are not yet fully consolidated or unani-
mously recognized.

The research also aims to expand the current spe-
cialized and sector-specific knowledge on the subject, 
while promoting the development of accessible itiner-
aries for a broader, more diverse audience. Its interdis-
ciplinary approach compares the fields of Information 
and Communication Technologies and Archival Science 
with those of Cultural Heritage, intending to contrib-
ute to the digital transition process already underway 
in other sectors. The project aligns with the objectives 
of Mission 1 “Digitalization, Innovation, Competitive-
ness, Culture, and Tourism” of the National Recovery 
and Resilience Plan (NRRP), ensuring that its horizon-
tal principles are met, particularly with the themes of 
Open Data, tourism, and innovative mapping tools for 
cultural heritage.

4. MATERIALS AND METHODS 

4.1 Digital Archives of Architecture: Methods of Creation 
and Management

After conducting a preliminary reconnaissance of 
the front ends of major architectural archive web plat-
forms, the first phase of the research involves analyzing 
their creation and management methods. The objective 
is to identify and study models of preservation and use 
of digital documentary heritage, particularly regarding 
access, dissemination, licensing, and copyright.

The survey began with the drafting of a question-
naire, created using Microsoft Forms, to gather informa-
tion from institutions on the administrative and organi-
zational structure of their archives. It addressed several 
key aspects: the origin of the archive; the quantity and 
types of materials held; agreements with public and 
private fonds owners and possible loan arrangements; 
inventory and metadata standards; file formats resulting 
from digitization; software used for archival inventory 
and digital libraries; and information and services made 
freely available for users. 

The questionnaire has been distributed in Italian to 
the members of the National Association of Archives of 
Contemporary Architecture (AAA/Italia) and in English 
to institutions affiliated with DOCOMOMO Interna-
tional, to reach the most important modern and con-
temporary architecture archives worldwide. Although 
the data collected so far are partial, as additional 
responses are still being received, they already reveal 
a widespread lack of homogeneity in the methodolo-
gies and standards applied, which in some cases align 
more with bibliographic or cataloging domains than 
with archival practice. Nevertheless, promising exam-
ples have emerged, especially in the integration of user 
access strategies, digital storytelling tools, and partici-
patory features.

These initial findings underscore the urgency of 
adopting shared methodological frameworks and vali-
date the relevance of the Guidelines of the National Plan 
for the Digitalisation of Cultural Heritage (NPD), issued 
by the Central Institute for the Digitalisation of Cultural 
Heritage (MiC) [13]. The NPD offers practical solutions 
to the observed inconsistencies: it establishes techni-
cal parameters for digitization, metadata standards, file 
formats, and licensing policies, thereby promoting align-
ment among institutions. Framing and comparing the 
questionnaire results within this regulatory context, 
the research outlines a roadmap for the methodological 
structuring of the new archive.
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4.2 Consistency Check and Selection of Documentation of 
Interest

Following the agreement reached, an archival inves-
tigation has been conducted on the documentary mate-
rial deposited in various offices of the Municipality 
of Genoa. After consulting these archives and review-
ing the available documents, the research was directed 
toward Genoa’s post-war museums (Figure 4): the exhi-
bition designs of Palazzo Bianco (Franco Albini, 1950) 
and Palazzo Rosso (Franco Albini, 1952-62), the Museo 
d’arte orientale Edoardo Chiossone (Mario Labò, Cesare 
Fera, and Luciano Grossi Bianchi, 1949-71), the Museo 
del Tesoro della Cattedrale di San Lorenzo (Franco Albi-
ni, 1952-56), and the Museo di Sant’Agostino (Franco 
Albini and Franca Helg, 1962–85).

These architectures, recognized nationally and inter-
nationally as exemplary works, have recently undergone, 
or are currently undergoing, the phase of renovation, 
and it is crucial to understand if and how their preser-
vation and enhancement can be combined with the cur-
rent adaptation needs. These interventions are driven 
by increasing visitor numbers, safety and energy-saving 
regulations, more innovative lighting solutions, and new 
ways of conserving and communicating the exhibits [14].

The maintenance, conservation, restoration, enhance-
ment, and renovation of these museums raise fundamental 
questions relating to the concepts of “original” and “authentic”.
–	 How much of the original projects by the masters of 

museography has been preserved, or can still be traced?

–	 What is the authorship of these works, and how 
much is the result of later interventions?

–	 What were the main reasons for their alterations and 
modifications?
The research aims to address these questions 

through the study and critical analysis of archival doc-
umentation, comparing it with existing literature and 
verifying the current state of the works. This in-depth 
investigation may yield new interpretative keys and 
insights into the various phases that have shaped their 
history, informing future design decisions. In this con-
text, the digital archive plays a central role: by organ-
izing and linking materials that are fragmented across 
multiple institutions and often at risk of deterioration, 
it enables a more comprehensive reconstruction of each 
museum’s evolution. Unlike conventional archival con-
sultation, it provides structured access, cross-referenc-
ing, and thematic exploration, supporting both critical 
inquiry and practical planning.

The archival investigation involves a critical selec-
tion of documents related to these museums, which are 
now scattered among various municipal offices, and are 
collected to form the prototype of the new digital archive 
of contemporary Genoese architecture. Given the inter-
disciplinary nature of museum design and the recurring 
issues these buildings face, this selection methodology 
may serve as a model for documenting other major public 
works constructed in Genoa since 1945.

As with other notable examples from the Italian 
museum season, these projects have undergone modi-

Figure 4. From left to right: exhibition designs of Palazzo Bianco and Palazzo Rosso (photos by Elena Geria), Museo d’Arte Orientale 
Edoardo Chiossone, Museo del Tesoro della Cattedrale di San Lorenzo, and Museo di Sant’Agostino (photos by Luca Pedrazzi). Major 
renovations at Palazzo Bianco began in 2004 (Genoa’s year as European Capital of Culture), including the expansion of exhibition spac-
es into the adjacent Palazzo Tursi (City Hall), the replacement of the former Albini-designed connection with a new linking volume, the 
addition of a rear glass structure housing a new staircase, and upgrades to technical and lighting systems. Palazzo Rosso has undergone 
several interventions since 1998, including restoration of its historic rooms and updates to exhibition routes, accessibility, and visitor facili-
ties; the most recent works (2020-22) focused on technological upgrades and building systems compliance. The Museo d’Arte Orientale 
Edoardo Chiossone, closed for nearly two years, reopened in June 2023 after structural and plant system upgrades. The renovation included 
improved accessibility, the recovery of the panoramic terrace, and a renewed yet historically faithful permanent exhibition. The Museo del 
Tesoro della Cattedrale di San Lorenzo underwent renovation works between 2009 and 2011, funded by the Ministry of Culture, focusing 
on the conservation of the displayed works, upgrading of the lighting system, restoration of the glass-concrete skylights, and reorganization 
of the exhibition layout. Finally, the Museo di Sant’Agostino, closed since 2019 following the collapse of a large window on the main façade, 
is currently awaiting major renovations. Aside from the partial reopening of the triangular cloister and the church in May 2024, planned 
works include the restoration of all internal and external glass panes, overall upgrading of building systems, improved accessibility, new 
visitor facilities, and a renewed exhibition layout.
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fications and rethinking during both the design and 
construction phases, often resulting in outcomes that 
diverge from original intentions. Additional interven-
tions have followed over time, driven by regulatory 
requirements, exhibition needs, or changes in taste. 
Therefore, the selection of documentary material intend-
ed to reconstruct and preserve the full history of these 
architectures will have to bear witness not only to their 
authors’ original ideas, but also to the stages of realiza-
tion and the various transformations, «silent» [15] and 
otherwise, that have taken place to date.

The research also implies a comparison with the 
experiences developed in other «Musei dei Maestri», 
such as the Museo di Castelvecchio in Verona (Scarpa), 
the Sale dei Primitivi at the Uffizi (Michelucci, Scarpa, 
Gardella, Morozzi), and the Musei Civici in Padua (Albi-
ni, Helg), to name but a few, which have faced similar 
problems and proposed different answers and solutions 
to the challenges related to the preservation of documen-
tation and the renewal of architectural works [16].

4.3 The Process of Inventorying and Digitization following 
the NPD

To facilitate the inventory and digitization of the 
material of interest identified during the second phase of 
the research, a relational database was set up to organize 
the various documentary items and associate them with 

the folders, binders, fonds, and archives in which they are 
held, as well as with the architectural works they docu-
ment. The database, divided into tables (Table 1), was 
created using the pgAdmin 4 application of the open-
source PostgreSQL 16 software. This structure ensures 
rapid data retrieval and continuous updating, and it is 
already configured for future online consultation through 
the development of a public, read-only APIs that will ena-
ble structured web access. Its standardized design also 
facilitates integration into digital library platforms.

The selection of fields within the tables aligns with 
the core descriptive elements outlined in the General 
International Standard Archival Description (ISAD(G)) 
[17], developed by the International Council on Archives. 
This framework has been widely adopted to ensure 
consistency and interoperability in archival descrip-
tions across institutions. ISAD(G) is included in Italian 
national standards published by the Istituto Centrale per 
gli Archivi (ICAR) and is also referenced by the NPD 
[18] for the generation of descriptive metadata in the 
archival domain.

Beyond the mandatory ISAD(G) elements - Refer-
ence Code, Title, Date(s), Level of Description, Extent 
and Medium, and Name of Creator(s) - the database 
incorporates additional attributes tailored to architectur-
al documentation, reflecting practices observed in major 
national and international digital archives of architec-
ture. These include specific details for drawings (such as 
scale, technique, and support) and photographs (includ-

Table 1. Relational database, list of fields selected for each table (PK: unique primary key; FK: foreign key; MTM: many-to-many relation-
ship).
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ing interior or exterior views and source information), 
thereby extending the descriptive capacity to meet the 
nuanced requirements of architectural records.

Genoa’s post-war museums serve as pilot cases for 
the future expansion of the new digital archive, which 
will eventually include all the city’s major contempo-
rary public works. Using the census of contemporary 
Ligurian architecture carried out by the Department of 
Architecture and Design as a starting point, the method-
ology for selecting buildings will follow the quality crite-
ria defined by the MiC for the Census of Italian Archi-
tecture from 1945 to the Present [19]. In preparation for 
this expansion, the data tables have been linked to QGIS 
software, into which the shapefile derived from “Architet-
ture in Liguria dopo il 1945”, freely downloadable from 
the Municipality’s GeoPortale, has been imported. The 
shapefile uses georeferenced points to locate the sur-
veyed architectures in the city area, along with their 
corresponding descriptive data, from which the building 
table is derived. 

The research has also included an update of biblio-
graphic sources for each building already featured in the 
volume, through consultation of online library catalogs. 
These additions are reflected in the bibliography table. 
Ultimately, this database model was designed to support 
a comprehensive inventory system, facilitating effective 
search and analysis of the collected iconographic, biblio-
graphic, and documentary materials, and explicitly link-
ing them to the architectural works they reference.

In agreement with the holding institutions, the 
documentation selected during the second phase will be 
digitized according to the NPD Guidelines. As for the 
image files resulting from the scans of the documentary 
material, «the output master file consists of a package of 
files including:
–	 the uncompressed 16- or 48-bit (grayscale* or RGB) 

TIFF 6.0 file, depending on the chromaticity of the 
item

–	 the uncompressed RAW file, with the XMP collateral 
file attached» [20].
Also necessary for the digitization process is the 

description of the digital objects through appropriate 
metadata, including descriptive metadata, administra-
tive and management metadata (divided into technical 
and intellectual property components), structural meta-
data, and preservation metadata. The Guidelines recom-
mend the use of METS (Metadata Encoding and Trans-
mission Standard), a standard widely used internation-
ally and serving as the exchange language between 
afferent systems and the MiC’s Digital Library at the 
national level [21].

5. DISCUSSION OF FIRST RESULTS

As the result of the survey conducted on the main 
digital archives of interest, a management model is being 
developed, to be shared with the Municipality of Genoa, 
for the creation of a new digital archive aimed at provid-
ing access, by the principles of Open Science and FAIR 
Data, to the documentation related to the most signifi-
cant examples of contemporary public architecture in 
the city. This model will define the selection of soft-
ware for archival inventory and digital library, as well as 
digital acquisition parameters, file formats, and archiv-
ing and metadata standards, all aligned with the NPD 
Guidelines. Agreements will also be established with 
holding institutions for the digital loan of fonds, as well 
as with the heirs of the creators, to enable public access 
and use of the materials through a university institute. 

Conceived as a unified repository, the archive is 
designed to promote transparency, accessibility, and col-
laborative knowledge production. Its alignment with Open 
Science reflects a commitment to democratizing access to 
archival content, enabling its use by scholars, professionals, 
institutions, and a broader public. The FAIR framework 
informs the structured data description, combining gen-
eral archival standards with architecture-specific metadata 
to enhance discoverability and machine readability. Adher-
ence to national and international standards also guaran-
tees long-term accessibility and preservation.

In its initial phase, the project will be based on the 
prototype focused on post-war Genoese museums, with 
the primary objective of displaying and communicating 
to different audiences the documentary material selected 
and digitized during the archival investigation. Although 
centered on these case studies, the prototype is con-
ceived as a scalable and interactive platform for explor-
ing the broader city’s contemporary production. Items 
will be organized according to the traditional archival 
hierarchy (holding institution, fond, binder, folder) and 
classified by type (document, drawing, photograph), as 
displayed in the relational database structure. Building 
on this foundation, the archive will incorporate semantic 
tagging, interpretive filters, and thematic paths to sup-
port navigation and improve Findability and Accessibili-
ty. These features will enable layered readings of the pro-
jects, revealing not only technical and design aspects but 
also the sociocultural contexts in which they were con-
ceived and transformed. The integration of Linked Open 
Data protocols and interactive APIs will further promote 
cross-domain interoperability, support data reuse, and 
foster wider engagement. (Figure 5). 

In line with Open Science objectives, the archive 
will be designed as an evolving and participatory plat-
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form, expandable through future acquisitions and col-
laborations with public and private archives. These 
partnerships will enrich the collections and encourage 
dialogue between disciplines and institutions on region-
al, national, and international levels. Drawing on the 
experience of the LigurArch900 application, the long-
term ambition is to create a unified digital access plat-
form dedicated to contemporary Genoese architecture. 
In addition to documentary materials, this portal would 
include descriptive records, thematic essays, multimedia 
galleries, and interactive tools such as virtual tours, sup-
ported by linguistic and semantic analysis technologies 
enabling personalized queries.

Several technological infrastructures are under con-
sideration for the prototype, with the goal of long-term 
integration into a more comprehensive digital library. 
One option is DoGe (Digital object Genova) [22], the 
University of Genoa’s digital library based on the open-
source platform DSpace-GLAM, which enables preserva-
tion, full-text search, and thematic navigation. Another 

is the Biblioteca Digitale Ligure (BDL) [23], a regional 
initiative that aggregates materials from local institu-
tions into structured digital collections supporting 
diverse media. A third candidate is I.PaC (Infrastructure 
and Digital Services for Cultural Heritage) [24], devel-
oped by the MiC Digital Library, which offers advanced 
cloud services, predefined data models, AI integration, 
and APIs for domain-specific and cross-domain interop-
erability.

6. CONCLUSION

Archives, as collections of direct sources, reports, 
photographs, sketches, drawings, and models, provide 
the necessary pieces with which to assemble the map 
of the architecture closest to us, yet also the most frag-
ile and exposed to upheavals: a heritage too recent to 
receive the same protection and recognition of value 
reserved for historic buildings, but old enough to require 
maintenance or adaptation. In this context, the archive 

Figure 5. Workflow for the Digital Archive of Contemporary Genoese Architecture, diagram showing the development process of the digital 
archive from initial surveys and archival research to the creation of a prototype. Original elaboration by the authors.
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becomes an irreplaceable resource for ensuring the 
coherence of conservation choices with the essence of 
the work, on which current designers and restorers can 
refine their skills, returning to the creative stages from 
which the author’s choices originated.

In addition to the primary function of managing 
and inventorying the documentary heritage, carried out 
according to archival practices that have become more 
rigorous over time due to national and international 
standards, archives can prove to be strategic tools for 
the valorization of contemporary architecture. Through 
a cultural and communicative strategy, they can become 
a starting point for engaging local communities and 
reaching broader audiences, extending beyond tradition-
al stakeholders. In this sense, the research highlights the 
active function of archives as a foundation for construct-
ing a language capable of narrating and enhancing not 
only the content [25], but also of revealing new meanings 
and values to be rediscovered.

In the past, as information about architecture was 
mainly found in books, specialist journals, and exhibition 
reviews, the protection and preservation of cultural her-
itage were tasks for experts. Today, these issues need to 
be shifted to new platforms that take advantage of digital 
opportunities. These tools go beyond mere preservation, 
offering access to a broader audience that often lacks the 
specific knowledge to interpret this heritage and must be 
made aware of and empowered to understand its value 
and potential. It’s not only a matter of communicating 
contemporary architecture, but also of drawing atten-
tion to the built and lived spaces and to their significant 
contribution to the debate on quality of life in our cities, 
despite the technical complexities of the field.
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Abstract. Preliminary investigations and analyses for building assets’ renovation require 
considerable time and resources. Being able to assess, in advance and on a large scale, 
how to address these assets would allow reducing issues to existing buildings as a pri-
ority. This research project aims to demonstrate how a data-driven approach can help 
make informed decisions and better allocate available resources. Starting with a sample 
of 468 buildings constructed in the city of Bologna between 1945 and 1965, the study 
led to the creation of a comprehensive database consisting of 468 records and 211 fields, 
grouped into 16 macro-categories. These fields represent the catalogued characteristics 
for each building; 95 of them were directly surveyed, and 116 were derived from the 
processing performed on the first 95 attributes. Each building is associated with vari-
ous types of information to provide an overall framework (e.g., technical, typological, 
morphological, etc.). At the end of the database development, queries were performed 
to assess both the construction characteristics of the building sample and the qualita-
tive performance in terms of structural, energy, and planimetric distribution. The results 
provide an indication of the building and show how in-depth analyses can serve as the 
foundation for a decision support system (DSS).

Keywords:	 Database, Data-driven approach, Residential building, Building perfor-
mance. 

1. INTRODUCTION

At the end of World War II, Italian politics recognized that the construc-
tion sector was the key to the country’s economic recovery. The famous slo-
gan of the Democrazia Cristiana (Christian Democrat Party), “not all pro-
letarians, but all owners” [1], sums up the concept and the urgency to pro-
vide every family or citizen with a home. In this particular context, a large 
number of residential buildings were built, as many as 50 per cent of the 
total current housing stock dates back to the period 1946-1979, according 
to ISTAT data [2]. These buildings were often designed and constructed in 
a short time, with inexpensive materials and basic techniques [3], in order to 
respond quickly to the needs related to reconstruction and the new demo-
graphic trend [4]. However, the poor quality of materials and the absence of 
strict regulations led, over time, to numerous critical issues in terms of struc-
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tural safety [5-6], energy efficiency [7-8], and organiza-
tion-distribution of living spaces [9]. Although the prob-
lems that similar buildings have are known, systematiz-
ing this knowledge on a large scale without homogene-
ous methods of investigation or evaluation is complex, 
as already pointed out by other works done in the field 
[10-11]. For this reason, creating an ordered reposito-
ry is essential for decision-makers, as it can be further 
developed into a decision support system (DSS) that can 
facilitate informed policy-making. Analytical approaches 
based on extensive information collection have recently 
been explored with various objectives and in different 
fields. Interesting work in this area is developed by G. 
Uva et al. [12], who use the CARTIS [13] scheme to col-
lect information for assessing the performance of exist-
ing buildings. More traditional data collection systems 
have lately been joined by procedures based on the gen-
eration of point clouds obtained with LiDAR [14] or laser 
scanner [15] technologies. However, the proposed solu-
tions often concentrate on the development of a ready-
to-use system for solving a specific problem; rarely is 
the focus shifted to the potential offered by a structured 
database and the importance of an organic process.

Based on this, a prototype of a queryable archive 
consisting of a finite set of buildings was developed with 
the possibility of being implemented in a decision-mak-
ing platform. By consulting the archives of the Emilia 
Romagna Region (RER), access was gained to the origi-
nal documentation (plans, sections, elevations, reports, 
etc.) for 468 residential buildings constructed in the city 
of Bologna in the two decades following World War II 
(1945-1965). The sample of buildings, financed either fully 
or partially through public funds, was analyzed from vari-
ous perspectives. Based on the documentation obtained, a 
database was created, and each building is linked to spe-
cific information representing its key characteristics.

The designed database consists of 468 individual 
records (one for each building) and 211 unique fields 
(one for each catalogued attribute). The fields are organ-
ized into 16 macro-categories, which begin with the 
most general information and proceed progressively 
toward a qualitative assessment of the building condi-
tion in terms of structural integrity, energy efficiency, 
and spatial and organizational layout. Data integration 
was also carried out in parallel within a geographic 
information system (GIS), linking the data to the spa-
tial locations of the respective buildings within the city 
of Bologna. The data entry process into the database was 
initially carried out manually, covering the first 95 fields. 
In the second phase, the information was processed and 
automated, with the aid of geographic and geometric 
parameters obtained through the GIS system, leading to 

the definition of the remaining 116 fields. Figure 1 shows 
the location of buildings in the city of Bologna.

Once the database was fully defined, queries were 
performed to assess both the general and specific char-
acteristics of the analyzed sample. The results offer 
insights into the key characteristics of the housing stock 
under investigation and identify the main critical issues 
that emerged. Additionally, they show the potential of a 
data-driven approach and its compatibility with a DSS.

2. CRITERIA AND DATABASE ORGANIZATION

2.1 Sources and data collection

The aim of the database is to provide comprehen-
sive insights into the building sample through targeted 
queries, addressing both general aspects (such as year 
of construction, contractor, etc.) and qualitative assess-
ments of building performance (e.g., structural integ-
rity, energy efficiency, criticality, etc.). As a result, the 
information associated with each record is extensive 
(211 fields) and covers diverse aspects, acquired either as 
numerical values or textual descriptions.

The need to gather a significant amount of data, 
given that physical surveys of the buildings were not fea-
sible, directed the research toward the documents kept 
in the RER archive. This archive contains numerous 
files of buildings constructed in the immediate postwar 
period with public funding. In addition to floor plans, 
these files are equipped with comprehensive construc-
tion documentation, which would otherwise be unavail-
able (such as metric calculations, special contract speci-
fications, etc.). These drawings, produced by the original 
designers, provide detailed technical specifications of 
the buildings, ranging from layout choices to structural 
details like beam reinforcement.

Information not directly obtainable through archi-
val surveys was supplemented with assumptions based 
on field regulations at the time, particularly in the 
areas of sanitation [16], structural design [17-19], and 
social housing [20], as well as from the most widely 
used design handbooks [21-22]. This parallel research 
not only provided additional parameters functional for 
data collection but also led to the creation of specific 
categories within the database (such as those related to 
structural safety). The data collection approach enabled: 
(1) the extraction of information directly from primary 
sources, without subsequent processing, (2) an expan-
sion of the knowledge base using alternative sources 
beyond the archives, (3) the development of a coherent 
overview of the most recurrent modes of construction 
in the period studied, and (4) the acquisition of a vast 
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amount of information in a short time frame and in a 
cost-effective manner. On the other hand, the approach 
considered does not allow for the achievement of the 
accuracy of data that would be obtained with field sur-
veys. However, this issue is to be considered tolerable 
given that the analysis performed is intended as a “pre-
liminary” phase, useful to understand the most signifi-
cant aspects of the heritage under investigation and to 
direct (limited) economic resources to the most criti-
cal areas of the built environment. Detailed analyses 
can then be focused on specific buildings, making the 
whole process more economical and flexible. The vari-
ety of sources used required the standardization of the 
collected data to ensure comparability and ease of refer-
ence [23]. To ensure clarity and consistency, some input 
parameters were labelled with appropriate abbreviations 
(e.g., “structures made of unreinforced brick masonry 
with a thickness of 28 cm” are abbreviated as “MP-28”). 
Variable units (kN, daN, or kg) were converted to stand-
ard units. A data dictionary was developed and updated 
as the database was compiled, including metadata relat-
ed to the cataloguing process. The use of consistent ter-
minology and comparable units not only facilitated the 
query process, but also allowed the addition of a further 

116 fields to the original data using the methods summa-
rized below.

The database was defined by some basic crite-
ria (No. 4) to make it consistent with the type of work 
to be performed. (1) Autonomous records: each record, 
i.e., table row, was left autonomous and not dependent 
on other records in the table. Each record corresponds 
to a building. (2) Unique records: each record is unique; 
repetitions within the database are excluded. (3) Unique 
fields: each field, i.e., table column, represents an attrib-
ute assigned to the investigated building. Fields can be 
stand-alone (e.g., building address) or non-stand-alone 
(in the case of building characteristics and vulnerabil-
ity assessment). In both cases, the information appears 
in the database only once, which makes the file smaller 
and avoids complications in the query phase. (4) Both 
records and fields have unique names and contain a 
single type of data. For example, a column whose data 
is expected in numeric form does not contain textual 
information, and vice versa. The database configuration 
that ensures compliance with these criteria (No. 4) was 
performed in advance to avoid such issues during the 
population phase. Any errors in data input were verified 
at the end by manually filtering the entered information. 

Figure 1. Location of the buildings investigated in the city of Bologna. Source: author elaboration.
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These operations could be further automated in future 
developments of the method.

2.2 Database structure

The database was implemented using Microsoft 
Excel software. To rationally sort the fields used, 16 
macro-categories were introduced, collecting them by 
themes: (1) documents and archiving, (2) general data, 
(3) typological characteristics, (4) housing unit charac-
teristics, (5) construction characteristics, (6) finishes and 
facilities, (7) imported data - GIS, (8) processing - mor-
phological data (9) processing - economic estimation 
data, (10) processing - construction characteristics, (11) 
processing - energy data, (12) processing - space organi-
zation and functionality, (13) issues - energy data, (14) 
issues - structural data, (15) issues - space organization 
and functionality, (16) building performance assessment 
- current situation.

The first six macro-categories (1-6) contain the 
information obtained directly from the analysis of archi-
val material and sources; there is a total of 95 fields that 
describe the building in its basic parts. Among the data 
entered are: the address of the building, key cadastral 
references, names of stakeholders in the building pro-
cess, number of floors, number of dwellings, type of 
dwellings, structure characteristics, and characteris-

tics of the building envelope. For further consideration 
with respect to the first six macro-categories, please refer 
to the specific bibliography [24] where the topic is dis-
cussed in detail. The fields in the remaining macro-cat-
egories (7-16) are 116 in total and are derived from pro-
cessing performed on the first 95 inputs or information 
retrieved from existing databases. 

The “Imported Data - GIS” group includes 8 fields, 
with data derived from existing datasets [25], primarily 
processed by the Municipality of Bologna. These fields 
are linked to the database through the “GIS Building ID” 
attribute. The collected information includes, for exam-
ple, the building’s neighborhood, the total floor area of 
the building (m²), its perimeter (m), the average value 
attributed to affordable housing in normal condition (€/
m²), and the average value of civilian housing in excel-
lent condition (€/m²), among others. Real estate valuation 
data is sourced from the Osservatorio del Mercato Immo-
biliare (real estate market observatory, hereafter referred 
to as OMI) databases, reflecting the average market val-
ues for a given area as of the first half of 2024. Figure 2 
shows a portion of the buildings investigated in the San 
Donato area, colored according to size (building area).

The “Processing - Morphological Data” macro-
category contains 17 attributes. These fields, defined as 
floats, provide quantitative information, primarily focus-
ing on the size of the building and its main components. 
For instance, knowing the building height, the number 

Figure 2. Investigated buildings in the San Donato area, classified by size (area). Source: author elaboration.
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of residential floors, and the base area allows for calcu-
lating its heated volume (m³). Similarly, this approach 
enables the processing of other data, including: heated 
side area (m²), total side area (m²), total number of win-
dows, window area (m²), roof area (m²), and balcony 
area (m²), among others.

The “Processing - Economic Estimation Data” cate-
gory, the smallest among all defined categories, contains 
only three fields. These attributes are related to the aver-
age building values and morphological characteristics 
and include the assumed values for cellars (€), parking 
spaces (€), and balconies (€).

The “Processing - Construction Characteristics” 
macro-category includes 29 attributes of various types 
(string, f loat, or integer). It contains information on 
the stratigraphy of floors across different levels, catego-
rized as: basement floor slab, ground floor slab, inter-
floor slab, and roof slab. The main constituent materi-
als, thicknesses (cm), and additional data such as load-
bearing capacity (if available), service limit state loads, 
and ultimate limit state loads are provided for each floor 
type. This category also defines the stratigraphy for each 
element that encloses the heated volume: vertical clo-
sure, base closure, and top closure.

The “Processing - Energy Data” category consists of 
21 attributes, all aimed at quantifying the building ener-
gy performance. This analysis required the creation of 
an additional database, running parallel to the primary 
one, in which the thermo-hygrometric characteristics 
of the components enclosing the heated volume were 
defined. For each component, using Termus-G software 
[26], the following were calculated: the U-transmittance, 
surface mass, phase shift, periodic thermal transmit-
tance and the ratio of the calculated transmittance to 
that imposed by regulations. Figure 3 shows the logical 
data model of a part of the data structure.

The stratigraphy calculation data were further 
processed using climate data on heating and cooling 
degree days for the city of Bologna, retrieved from the 

CBE Clima Tool web application [27]. This allowed for 
the calculation of parameters such as: global heat loss 
through transmission in winter (kWh/year), global heat 
loss through transmission in summer (kWh/year), global 
heat loss through ventilation in winter (kWh/year), glob-
al heat loss through ventilation in summer (kWh/year), 
ideal energy demand in winter (kWh/year), and ideal 
energy demand in summer (kWh/year).

The “Processing - Space Organization and Func-
tionality” macro-category contains 7 fields. The collected 
information includes indicators designed to provide a 
summary assessment of the quality of life for inhabit-
ants. Key parameters include: the average number of 
inhabitants per housing unit, the number of inhabit-
ants per toilet, the usable square meters per inhabitant, 
parking spaces per inhabitant, and the crowding index, 
which is calculated as the ratio of the main rooms in 
a unit to the number of inhabitants. In the study, the 
term “main rooms” refers to bedrooms, living rooms, 
dining rooms, and kitchens that are not incorporated 
into another room (kitchenette). Therefore, a two-room 
apartment in which a single inhabitant lives will have an 
index of 2, while the same apartment, this time inhab-
ited by two people, will have an index of 1.

The categories (13-15), which relate to energy data, 
structural data, and space organization and functional-
ity, follow the same approach and collect a total of 24 
fields. Each of these three groups aims to assess building 
performance within its specific domain, providing an 
initial synthesis of the collected and processed attributes. 
Specific fields (5, 13, and 6, respectively) were included 
to evaluate this performance, each based on boolean log-
ic (true or false). Each of the 24 values is derived from 
a logical expression designed to verify the presence or 
absence of a particular condition defined in advance. 
For example, the first potential criticality in the “Issues - 
Energy Data” category concerns the transmittance value 
of vertical closures. Like all fields in the three catego-
ries, this field accepts only true/false values; in this case, 

Figure 3. Logical data model of a part of the data structure. Source: author elaboration.
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if the transmittance value exceeds the threshold set by 
current regulations, it returns true; otherwise, it returns 
false. The issues identified for the three groups include: 
–	 high U (W/m2K) transmittance-vertical closure; 

high U (W/m2K) transmittance-base closure; high U 
(W/m2K) transmittance-top closure; high U (W/m2) 
transmittance-windowed surfaces; heating system 
inefficiency;

–	 elements-undersized to elevation loads-foundations; 
high degradation of materials-foundations; verti-
cal-bearing structures-undersized to vertical loads; 
vertical-bearing structures-undersized to horizontal 
loads; vertical-bearing structures-high degradation 
of materials; horizontal-bearing structures-under-
sized to vertical loads; horizontal-bearing struc-
tures-deformable floors in their own plane; hori-
zontal load-bearing structures-high degradation of 
materials; connections-absence connection of load-
bearing element; connections-absence connection of 
load-bearing element-loft; structural configuration-
significant torsional effects in case of earthquake; 
structural configuration-possible deformations con-
centrated on less rigid planes; nonstructural ele-
ments-high possibility of collapse of secondary-non-
structural elements to horizontal loads;

–	 inadequate private interior spaces; inadequate pri-
vate exterior spaces; rigid interior organization; car 
parking inadequate to the number of inhabitants; 
need for elevator system; obsolete technological-
plant systems;
The last macro-category, “building performance 

assessment - current situation”, consisting of seven 
fields, aims to summarize the state of the building in 
relation to all the data collected. Specifically, it reports: 
the number of energy performance issues, the number 
of structural issues, the number of space organization 
and functionality issues, the total number of issues; the 

ideal energy demand (kWh/year) and the building’s 
assumed value. Figure 4 shows the logical path from step 
0 (source consultations) to the qualitative assessment of 
the building. Also shown diagrammatically are the par-
ent-child relationships between the macro-categories.

At this point in the research, the collected data does 
not account for any variances during construction or 
punctual extraordinary maintenance work that may have 
been carried out over the years. It is believed that bas-
ing the data on a standardized source (in this case, the 
drawings required by the standard at the time) allowed 
for a consistent comparison across buildings, using 
a standard starting point. In addition, the underly-
ing idea is that the original configuration of the build-
ing remained (in most cases) unchanged and that often 
the interventions were carried out for minor functional 
adaptations rather than total reorganization (structural, 
energy and distribution) of the buildings. Consider-
ing all the variants would require a volume of data that 
would make the system too complex to manage. Future 
applications could integrate interventions that made 
a substantial improvement in the performance of the 
entire building by preparing specific fields.

3. QUERIES AND RESULTS

The sample of buildings dates from the two decades 
1945-1965. As shown in Figure 5, the 468 buildings are 
distributed throughout the period rather unevenly. 

The largest number of buildings dates from 1951, 
1955 and 1958, including 82 in 1958. The lowest val-
ues are evident in 1960 and 1962, with only two build-
ings constructed. The trend line, superimposed on the 
main curve, indicates intense activity in the early peri-
od, followed by a decline in construction, which became 
marked in the late 1950s. 

Figure 4. From data to qualitative performance of buildings. Outline of interactions at the level of macro-categories. Source: author elabora-
tion.
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The stock of buildings analyzed showed three types 
of structures: concrete-framed buildings, unreinforced 
masonry (URM), and mixed structures (typically mason-
ry perimeter structures and concrete center columns). 
URM buildings appear to be the majority (244), followed 
by concrete-framed buildings (147) and mixed-structure 
buildings (75). The graph in Figure 6 shows the square 
meters of usable floor area, realized by year, with respect 
to the system used. As before, the trend appears rather 
discontinuous and concentrated in two years: 1951 and 
1958. The trend shows a massive use of masonry in the 
period following World War II, which quickly degraded 
and gave way to concrete-framed buildings beginning in 
the late 1950s. Mixed-structure buildings maintain a con-
stant trend throughout the two decades.

Observing the total number of floors that character-
izes the sample of buildings (including basement and 
attic) is also interesting. Most of the buildings are made 
of five (113), six (92) or seven floors (107), also considering 
basements and roofs; very few buildings exceed eight lev-
els. The late introduction of concrete for the execution of 
vertical structures has probably determined the maximum 
number of floors that could be built in residential build-
ings, given the mechanical limitations that imposed the 
use of two- or three-headed Bolognese masonry, which, 
compared with other parts of the world during the same 
period, is medium-density housing. The buildings ana-
lyzed are more developed planimetrically and maintain a 
low height, in line with the traditional building type prev-
alent in the area. Figure 7 shows this by comparing the 

Figure 5. Logical data model of a part of the data structure. Source: author elaboration.

Figure 6. Square meters of gross usable area, realized per year, compared to the structural system employed. Source: author elaboration.
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number of floors, y-axis, with the buildings constructed, 
x-axis, according to the structural system used. 

From a performance perspective, the building sam-
ple shows significant heterogeneity in terms of the defined 
issues. Structurally, the buildings present between 1 and 
6 issues, with 13 being the maximum number of issues 
attributable to a single structure. The two extreme val-
ues (1 and 6) relate to less than 7% of the buildings, while 
35.41% and 33.69% of the buildings present 4 and 5 issues, 
respectively. The most common issues are related to the 
high deformability of the floors (both in-plane and out-of-
plane), irregular structural configurations (both in plan 
and in height), and vertical structures that are not always 
adequate to withstand the seismic demand expected for the 
site. The latter assessment is derived from a generalization 
of the conditions that determine seismic demand: these are 
buildings for residential use (defined exposure), all built in 
an area with similar characteristics, assumed topographic 
category T1, subsurface C and an acceleration of 0.167g 
(defined hazard). No problems were found in terms of 
foundations, where qualitative assessments were performed 
based on geognostic tests made available by the Emilia 
Romagna region [28], likely due to the presence of base-
ments (low foundation level) and non-excessive loads (lim-
ited number of floors). The structural materials are gener-
ally assumed to be in good condition, although, as is well-
known, the reduced concrete cover on structural elements 
favors the corrosion of reinforcement bars and the progres-
sive loss of load-bearing capacity of the elements [29].

The situation is much worse from an energy per-
formance standpoint; the buildings show 5 issues out of 
the 5 (maximum possible). All the building closures are 
inadequate: vertical closures, horizontal closures (base 
and top), and window surfaces. The transmittance values 

(W/m²K) are much higher than the standards required 
for such components. For example, the average transmit-
tance of the vertical components in the sample is 1.56 
W/m²K, a value in line with what has been observed in 
other projects [30], while in the city of Bologna, located 
in climate zone E, the maximum allowable value after 
renovation must be 0.28 W/m²K. Similar considerations 
apply to the other closure systems and windows.

The spatial and distributional organization presents 
a range of issues measured between 2 and 6, with 6 rep-
resenting the maximum parameter. In percentage terms, 
buildings with 4 issues are the majority, accounting for 
41.6% of the total, followed by those with 5, at 35.6%. 
These criticalities concern the lack of parking spaces, 
the absence of an elevator shaft (even in taller buildings), 
the lack of private outdoor spaces, and the inadequacy of 
internal spaces. The issues described in this macro-cate-
gory are very common in the building sample, but they 
are the most challenging to resolve and would require a 
broader debate involving large-scale policy interventions. 
For instance, it might be more practical to build multi-
level underground parking facilities serving an entire 
neighborhood rather than expensive and highly complex 
new underground garages for each individual building. 
Figure 8 shows briefly the number of structural issues, 
the number of energy performance issues, and the num-
ber of space organization and functionality issues detect-
ed in the group of buildings analyzed.

Overall, the sample exhibits a significant number 
of issues. Out of a total of 24 possible issues, the build-
ings present between 11 and 17, distributed in a Gauss-
ian manner: the extremes concern less than 5% of the 
buildings, with percentages increasing as they approach 
the average value of 14, which applies to 45.3% of the 

Figure 7. Number of total floors compared to buildings made per structural system employed. Source: author elaboration.
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sample. Figure 9 shows the map of Bologna in which the 
buildings investigated are indicated with reference to the 
total number of issues attributed to each of them.

4. CONCLUSIONS

The study focused on the development of a database 
designed to systematize and harmonize the informa-

tion collected on a stock of 468 existing buildings con-
structed in the municipality of Bologna between 1945 
and 1965. The work aimed to demonstrate how a func-
tional data structure can lead to informed and targeted 
decisions for the reference sample. Specifically, the data-
base consists of 468 autonomous records, characterized 
by 211 unique fields. These fields are grouped into 16 
macro-categories to facilitate queries and enhance the 
readability of the recorded information. Data processing 

Figure 8. Critical issues detected per building. a) structural b) energy c) space organization and functionality. Source: author elaboration.

Figure 9. Total number of criticalities attributed to each of the analyzed buildings. Cartographic indication on the Bologna area. Source: 
author elaboration.
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derived from the archival documentation led to the defi-
nition of new parameters, both quantitative (e.g., num-
ber of parking spaces per inhabitant, number of beds, 
transmittance of closure systems) and qualitative (e.g., 
need for elevators, inefficient structural configurations). 
Thanks to this data, it was possible to hypothesize the 
performance of the investigated buildings in terms of 
structure, energy efficiency, spatial/distributional organi-
zation, and overall assessment.

The sample revealed multiple criticalities across all 
three main investigated areas. Structurally, the buildings 
exhibited an average of 4 issues out of 13 total, with slabs 
identified as the weakest element. In terms of energy 
performance, the buildings averaged 5 issues out of 5, 
highlighting significant problems in reducing heat loss. 
Regarding spatial organization and functionality, the 
stock averaged 4-5 issues out of 6, showing shortcomings 
that negatively affect residents’ quality of life.

Queries provide an overview of building conditions 
that can be described both numerically and graphi-
cally, making data interpretation more intuitive. The 
outcome enables the design of intervention strategies 
targeted at individual buildings or the entire sample. 
Based on the large-scale results, resources can be allo-
cated to perform a comprehensive analysis (field sur-
veys, surveys, etc.) on the elements that have shown 
the most critical issues. For enhanced results, the sys-
tem could be further developed by integrating artificial 
intelligence and a DSS, enabling predictive analyses 
and automating aspects of the decision-making pro-
cess. The ability to modify or expand the input data 
provides opportunities to explore this approach fur-
ther and adapt it to future specific research needs. For 
example, the following steps can include the most rel-
evant building interventions (ignoring extraordinary 
maintenance confined to individual building units) that 
have been implemented over the years.

In conclusion, while recognizing the challenges 
(and costs) of implementing such a system on a large 
scale, the developed database offers a model for manag-
ing existing building stocks. It is compatible with spe-
cific DSS platforms that could promote more efficient 
resource allocation through a data-driven approach.
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