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Abstract

The preservation of built heritage is an essential practice, asthese assets embody historical, cultural,
and technical values whose degradation or loss irreversibly compromises collective memory.
Buildings of historical interest require constant inspection and monitoring, which, in many cases,
should not cause changes or damage to their structure. Given this, this article seeks to investigate
techniques for monitoring the health of buildings of historical interest. To this end, the Preferred
Reporting ltems for Systematic Reviews and Meta-Analyses (PRISMA) method was used to guide the
selection and analysis of scientific articles, allowing for the preparation of a systematic literature
review (SLR) in a structured manner. The research focused on non-destructive testing and digitization
techniques and the creation of digital twins, which are directly related to studies on the
characterization and documentation of built heritage. The results revealed that visual inspection,
Ground Penetrating Radar (GPR), and Infrared Thermography (IRT) are widely used for the
characterization of historic buildings. Digitization for the creation of digital twins in built heritage has
been carried out through photography, photogrammetry, and mobile laser scanning, with the aim of
monitoring deterioration processes, among other contributions to the field of conservation.

Keywords: Non-destructive testing; Monitoring; Built heritage; PRISMA; Systematic review.

Resumo

A preservagéao do patrimdnio construido € uma pratica essencial, pois esses bens retinem valores
historicos, culturais e técnicos cuja degradagdo ou perda compromete, de forma irreversivel, a
memoéria coletiva. As edificagdes de interesse histérico exigem inspegdes e monitoramentos
constantes que, em muitos casos, ndo devem causar alteragées ou danos em sua estrutura. Diante
disso, este artigo busca investigar técnicas para acompanhamento da saude de edificagbes de
interesse histdrico. Para isto, empregou-se o método Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA), que orientou a selegéo e a analise dos artigos cientificos,
permitindo a elaboragdo de uma revisédo sistematica de literatura (RSL) de forma estruturada. O
enfoque da pesquisa foi nos ensaios ndo destrutivos e nas técnicas de digitalizagdo e criagdo de
gémeos digitais, que se relacionam diretamente aos estudos de caracterizagado e documentagéo do
patrimonio construido. Os resultados revelaram que a inspegéo visual, o Ground Penetrating Radar
(GPR) e a Termografia Infravermelha (IRT) sdo amplamente utilizados para a caracterizagdo de
edificios histéricos. A digitalizagao para a criagdo de gémeos digitais no patriménio construido vem
sendo realizada por meio de fotografias, fotogrametria e varredura a laser mdével, com o intuito de
monitorar processos de deterioragao, entre outras contribuigées para a area da conservagao.

Palavras-chave: Ensaios ndo destrutivos; Monitoramento; Patriménio construido; PRISMA; Revisdo
sistematica.

Resumen

La preservacion del patrimonio construido es una practica esencial, ya que estos bienes retiinen
valores histdéricos, culturales y técnicos cuya degradaciéon o pérdida compromete de manera
irreversible la memoria colectiva. Las edificaciones de interés histérico requieren inspecciones y
monitoreos constantes que, en muchos casos, no deben causar alteraciones ni dafios en su
estructura. En este contexto, el presente articulo tiene como objetivo investigar técnicas para el
seguimiento del estado de conservacion de edificaciones de interés historico. Para ello, se empled
el método Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA), que
orientd la seleccién y el andlisis de los articulos cientificos, permitiendo la elaboraciéon de una
revision sistematica de la literatura (RSL) de forma estructurada. La investigacién se centré en los
ensayos no destructivos y en las técnicas de digitalizacién y creacion de gemelos digitales, que se
relacionan directamente con los estudios de caracterizacién y documentacién del patrimonio
construido. Los resultados revelaron que la inspeccion visual, el Ground Penetrating Radar (GPR) y
la Termografia Infrarroja (IRT) son ampliamente utilizados para la caracterizacion de edificios
histéricos. La digitalizacién para la creacién de gemelos digitales en el patrimonio construido se ha
realizado mediante fotografias, fotogrametria y escaneo laser movil, con el objetivo de monitorear
los procesos de deterioro, entre otras contribuciones al campo de la conservacion.

Palabras-clave: Ensayos no destructivos; Monitoreo; Patrimonio construido; PRISMA; Revisidn
sistematica.

Paranoad, v.19, e60423, 2026.
https://doi.org/10.18830/1679-09442026v19e60423-¢en 2


https://doi.org/10.18830/1679-09442026v19e60423-en

ISSN
1679-0944

Fonseca, J. A.; Santos, R. J. M.; de Azevedo, R. C.
Non-destructive testing, digitization, and digital twins in historic buildings: a systematic review

Introduction

Material cultural heritage represents a set of assets of historical and constructive value,
whose preservation is associated with memory and identity. In the current scenario,
historic buildings are exposed to various environmental and structural factors that hinder
the maintenance of their useful life, such as weathering, seismic events, and natural aging.
In view of the degradation that occurs in buildings of historical interest and the need for
maintenance overtime, itis essentialto identify wear and tear and have the meansto guide
interventions (Novais et al., 2024; Chik et al., 2024).

Studies indicate that, in the current decade, the degradation of buildings of historical
interest has been influenced by air pollution and climate change, in addition to the
emergence of pathological manifestations over the course of aging. Climate change
presents new challenges for the protection and conservation of built heritage, especially
in urban areas, where its effects tend to be intensified (Garrido et al., 2020; Sardella et al.,
2020; Ricciardi et al., 2021).

Linked to this, the digitization of built heritage has been understood as a strategy for
documenting, analyzing, and managing buildings of historical interest. Non-destructive
data acquisition techniques, such as laser scanning and photogrammetry, allow the
reproduction of built heritage, making it accessible to people in different parts of the world.
Although digitization presents challenges because it involves a multidisciplinary
approach, it enables accessibility and the production of databases on historical heritage,
contributing to restoration projects for these buildings (Vieira et al., 2023).

In the context of built heritage preservation, the concept of digital twins, presented as
digital models, is understood as a three-dimensional representation based on the
modeling of information on buildings of historical interest (3D-HBIM). This model allows
the condition of buildings of historical interest to be demonstrated in detailand in realtime.
Digital twins are used to capture and virtually represent physical data that has cultural
significance and contributes to preventive conservation through simulations, based on
Structural Health Monitoring (SHM) data (Jouan; Hallot, 2020; Lucchi, 2023; Galiano-
Garrigés et al., 2024).

Given the scenario of using integrated digital tools, which include monitoring systems and
digital twins, applied to built heritage, this research aims to (i) investigate how the use of
non-destructive testing aids in the preservation of buildings of historical interest and (ii)
present the contributions that digitization techniques or digital twins offer to historical
buildings. To achieve the proposed objectives, the Preferred Reporting Iltems for
Systematic Reviews and Meta-Analyses (PRISMA) systematic review method was adopted.
The findings may assist researchers in learning about data acquisition techniques for
buildings of historical interest.

Materials and Methods - Systematic Literature Review

For the Systematic Literature Review (SLR), the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) method was adopted, widely recognized by for its
transparency, reproducibility, and methodological rigor. The PRISMA protocol has been
used in recent studies in the field of Civil Engineering and the built environment (Costa;
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Lima, 2023; Noeme et al., 2023; Marcondes; Luiz Rutz Silva, 2022; Page et al., 2022),
especially in reviews involving multiple techniques and methodological approaches.

The methodological process followed the guidelines established by PRISMA 2020,
structured in the stages of identification, screening, eligibility, and inclusion of studies. The
application of these stages ensured the careful selection of scientific articles aligned with
the research objectives, reducing bias and ensuring the traceability of the review process.

In this study, two research approaches were defined, each associated with a specific
objective and respective research questions:

(i) How do non-destructive tests help preserve built heritage?

(ii) What conclusions have been obtained with digital monitoring techniques in buildings
of historical interest?

These approaches guided both the search strategy and the selection criteria for the
studies, as illustrated in Figure 1.

Figure 1: Research approaches and specific objectives.

’- r-
SIAE DIGITALIZATION
DESTRUCTIVE § AND DIGITAL
VESTING TWINS
Data acquisition \
methods applied to Contributions of
the characterization integrated digital tools to
of built heritage the digital reconstruction
and monitoring of
buildings of historical
interest

Source: Authors (2025).
Bibliographic selection

The bibliographic search was conducted in relevant scientific databases — Scopus and
Web of Science — and covered articles published without time restrictions, up to the
deadline of November 12, 2024. We opted to use advanced search, considering the
occurrence of terms in the title, abstract, and keywords, in order to ensure greater thematic
adherence of the results.

The combinations of search terms were defined based on the research approaches and
objectives of the study, as shown in Table 1. After initial identification, all retrieved records
were exported to the Mendeley reference manager, where duplicate records were
removed.

Table 1: Number of articles found with the searches.

Combination of search terms Scopus Web of Science
"heritage buildings" AND "digitalization" 72 06
"heritage buildings" AND "non-destructive testing" 54 21
"heritage buildings" AND "digital twins" 51 09
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During the screening stage, titles and abstracts were read, excluding articles that were not
directly related to built heritage, did not use non-destructive testing or digital techniques,
or dealt exclusively with other types of buildings. Next, during the eligibility phase, the full
texts of the remaining articles were analyzed in their entirety.

The inclusion criteria adopted were:

. studies applied to buildings of historical interest or built heritage;

. use of non-destructive testing for inspection, diagnosis, or monitoring;
o application of scanning techniques, digital modeling, or digital twins;

. peer-reviewed articles published in scientific journals.

The exclusion criteria included:

. duplicate studies between databases;

. works that did not present practical application or relevant methodological
discussion;

. publications such as event abstracts, technical notes, editorials, or book chapters.

The selection process followed the steps of the PRISMA flowchart, shown in Figure 2, which
demonstrates the methodological procedure adopted.
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Figure 2: Steps for selecting articles.
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Bibliometric analysis

In this section, the scientific relevance of the journals was evaluated. The final research
portfolio consisted of 74 publications. The bibliometric analysis was conducted based on
contemporary criteria of scientific relevance, considering the indexing of journals in
international databases, such as Scopus and Web of Science, as well as widely accepted
bibliometric indicators, such as CiteScore and JournalImpact Factor (JIF), when available.

The temporal evolution of publications related to the use of non-destructive testing and
digital technologies applied to built heritage was analyzed based on the total number of
articles included in the review, as shown in Figure 3. The first study identified was
published in 2009, indicating the beginning of the systematic application of these
techniques in the heritage context. From 2019 onwards, there has been significant and
continuous growth in the number of publications, reflecting technological advances, the
expansion of the use of digital tools, and increased scientific interest in non-invasive
monitoring and conservation strategies for historic buildings.
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Figure 3: Temporal evolution of publications related to the topic, from 2009 to 2024.
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The relevance of authors and keywords was analyzed using VOSviewer software (Van Eck;
Waltman, 2023). Observing the network of authors, it is noticeable that they are divided
into groups with no connections between them, reflecting the lack of collaboration
between groups of authors and institutions. This can be justified by the fact that most
studies are from different countries or regions, which does not allow for joint studies by
these authors. Figure 4 shows the image generated.

Figure 4: VOSviewer of authors.
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Source: VOSviewer (2025).

In view of the keyword co-occurrence network created, considering the selected articles,

281 keywords were grouped by the software. The keywords that stood out the most were,
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respectively: (i) HBIM, (ii) cultural heritage, (iii) heritage buildings, (iv) conservation, (v) non-
destructive testing, and (vi) digital twins. Figure 5 clearly shows that several terms are
connected due to the formation of networks. The themes related to non-destructive
testing, digitization, and digital twins show a strong relationship in the context of cultural
heritage studies.

Figure 5: VOSviewer of keywords.
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The studies analyzed covered different geographical contexts, including Europe, Asia, the
Middle East, and Latin America, with an emphasis on countries with significant heritage
collections, such as ltaly, Spain, China, Turkey, and Brazil. Even so, there are fewer indexed
publications from other historically relevant regions, which reinforces the need to expand
international scientific production in this field.

Results and discussions

When considering the 74 articles read in the RSL, the authors sought answers to the two
research questions that guided this production. Of the total number, 20 (twenty) articles
direct answers to research question (i) "How do non-destructive tests help in the
preservation of built heritage?"; 47 (forty-seven) articles addressed research question (ii)
"What conclusions have been obtained with digital monitoring techniques in buildings of
historical interest?" and 7 (seven) articles contributed to answering both questions
simultaneously.

Non-destructive testing

The research focus related to non-destructive testing is fundamental in the study of built
heritage, as it allows us to understand how these techniques can b ly applied to the
characterization of historical construction systems, which directly contributes to
answering the first research question.

Recent studies show that different non-destructive testing (NDT) methods enable the
identification of construction techniques and deterioration mechanisms without the need
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for invasive interventions or damage to historical structures. In this context, infrared
thermography has been used to detect internal discontinuities, map areas with moisture,
identify voids, and estimate the texture and heterogeneity of masonry under layers of
plaster, paint, or frescoes (Gusella; Cluni; Liberotti, 2020; Patrucco et al., 2022; Froner et
al., 2024).

Furthermore, it is observed that NDTs are seen as less invasive means of studying the
structural behavior of masonry in historic buildings, reducing the need for invasive
techniques. Another important factor regarding the use of these techniques in historic
buildings is the possibility of revealing historical details covered by previous restorations
(Frackiewicz; Raszczuk; Jasienko, 2024; Santos-Assuncao et al., 2014; Pérez-Gracia et al.,
2013; Artopoulos et al., 2024; Guadagnuolo et al., 2023; Pérez-Gracia et al., 2009;
Vidovszky, 2017; Martinez-Soto et al., 2021; Yalginer; Buyuksarag; Kurban, 2019).

In this context, GPR has proven useful for locating the position of beams, material
replacements, buried objects, pavement layers, damaged sections in different
construction scenarios, and structural characteristics such as the presence of voids or
infiltrations. In addition, non-destructive testing is also used for thermal analysis of
buildings and to identify cracks in historic buildings. Several authors report that non-
destructive testing, when used alone for diagnostic purposes, is not exclusively
recommended, as itis subject to factors that can affect the behavior of the test. Therefore,
they recommend combining different techniques or, in some cases, using semi-
destructive methods (Pérez-Gracia et al., 2009; Artopoulos et al., 2024; Chik et al., 2024;
Gopinath; Ramadoss, 2021).

In addition, limitations of ENDs, such as the use of GPR, were observed. In some historic
buildings, indirect measurements and restricted physical space can generate results that
are subject to multiple valid interpretations. In addition to these uncertainties, there are
also difficulties in accessing upper areas of walls due to the high heights and weight of the
equipment's antennas. In view of this, in the characterization stage of a heritage site, some
authors recommend various non-destructive techniques, which can be combined to
complement each other and enable better restoration planning. X-ray testingis an example
of a non-destructive method that has been used to study structural elements in wrought
iron in historic buildings (Santos-Assuncéo et al., 2014; Perez-Gracia; Solla; Fontul, 2024;
Pehlivan, 2023; Vidovszky, 2017).

Studies conducted to diagnose wooden parts have generated a qualitative assessment to
specify the locations of biological deterioration and internal defects in the wood. Non-
destructive testing provides information about the mechanical characteristics of wood
without compromising the integrity of the structure (Drobiec; Nowogonska, 2023; Raposo
etal., 2017).

Non-destructive techniques have been used to indicate the presence of moisture in
historic buildings or groundwater in the surrounding area (Yalginer; Buyuksarag; Kurban,
2019; Muradov et al., 2022) and to assist in conservation status diagnostics prior to
rehabilitation and restoration interventions in plaster structures (Torres-Gonzalez et al.,
2021).

Indirect non-destructive techniques, such as sonic and ultrasonic testing, evaluate
mechanical parameters in buildings; however, because they are based on quantities that
are difficult to compare, such as pulse propagation velocity, for example, they require
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specific tools and advanced processing. Furthermore, these techniques are also useful for
identifying pathological manifestations and contribute to the preventive conservation of
historic buildings (Armanasco; Foppoli, 2020; Diz-Mellado et al., 2021; Hidalgo-Sanchez
etal., 2023).

In addition, visual inspection is defined by some authors as a non-destructive
characterization process to assess the condition of a historic building and the most
simplified methodology for identifying pathological manifestations. This is justified by the
fact that sensory analysis is an accessible means that, together with other techniques,
generates interesting diagnoses (Rubens et al., 2023; Bertolin; Berto, 2024).

The visual inspection presented in standard NBR 16747 (ABNT, 2020) is a sensory analysis
procedure that enables an initial assessment of pathological manifestations in structural
elements, masonry, and, coatings, in addition to allowing the identification of the types of
materials and construction processes used in the building. In addition, it is during the
visual inspection stage that photographs and documentation of the building's state of
conservation at that moment are taken, which can be useful to aid in future diagnoses,
adding information from different investigative methods, which generates more in-depth
analyses for future restoration projects.

3.2 Digitization and digital twins

The research focus on "digitization and digital twins" contributes to studies on the
preservation of buildings of cultural interest by enabling the use of technologies to obtain
data. Thus, identifying how the use of integrated digital tools assists in the monitoring of
historic buildings answers the second research question.

The use of integrated digital tools in the built heritage sector has contributed to the
production of quality technical documentation by monitoring deterioration processes over
time. These resources have been applied to conventional masonry structures as well as
metal and wooden structures, the latter being particularly susceptible to high rates of
degradation when exposed to environmental agents.

Among the main integrated digital tools in the literature, the following stand out:

(i) three-dimensional scanning techniques, based on data acquired through
photogrammetry and laser scanning, which allow the generation of detailed three-
dimensional models and the obtaining of geometric and constructive information,
including the internal configuration of structural elements such as columns
(Bouzas et al., 2022; Froner et al., 2024; Puerto et al., 2024);

(i) data analysis and integration strategies, based on the combination of information
from non-destructive testing, sensors, and digital models, enabling the
identification of deterioration patterns and the assessment of structural
performance over time ( Santos-Assuncgao et al., 2014; Patrucco et al., 2022;
Artopoulos et al. 2024; Cecere et al. 2024); and

(iii) intelligent sensing systems, including the use of smart bricks, capable of
incorporating sensors to monitor physical parameters such as deformations,
thermal variations, and humidity, providing continuous data for monitoring the
structural health of historic buildings. When integrated, these approaches expand
diagnostic capabilities, favor preventive maintenance strategies, and contribute
to decision-making in interventions compatible with the heritage value of
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buildings (Jiménez Rios et al., 2024; Monchetti et al., 2023; Sarhan; Abed, 2021;
Wang et al., 2023; Intrigila et al., 2024; Hussein et al., 2024).

Digitization allows the creation of virtual copies of elements and artifacts of built heritage,
offering the advantages of detailed documentation and no need for direct physical
intervention. In addition, it makes the building accessible to a wider audience, as it is
shared virtually. Consequently, it contributes to the preservation of heritage and
knowledge of construction techniques (Vieira et al., 2023; Lucchi, 2023; Resta; Bogle;
Mondino, 2024; Nguyen et al., 2023; Lin et al., 2024; Martinelli; Calcerano; Gigliarelli, 2022;
Oostwegel et al., 2022; Mohd Nurfaisal Baharuddin et al., 2023; Cinquepalmi; Tiburcio,
2023; Tang et al., 2024; Khalil; Stravoravdis; Backes, 2021; Hou et al., 2024; Zhang et al.,
2022; Moyano et al., 2023; Bertolin; Berto, 2024).

Digital models, called digital twins, document the geometry, environments, and complex
parts of the historic building, in addition to adding semantic enrichment. Thus, they enable
the diagnosis of deterioration of built heritage, especially in situations of difficult access,
natural disasters, or damage caused by human actions. Data collection, carried out
through the Scan-to-HBIM process, assists construction experts in restoration actions
(Hussein et al., 2024; Milosz; Kesik; Montusiewicz, 2024; Di Filippo et al., 2018; Nguyen et
al., 2023; Vieira et al., 2023a; Sewasew; Tesfamariam, 2023; Abd E[Wahab; Bakr; Raslan,
2019; Sanchez-Aparicio et al., 2020; Baik et al., 2021; Penjor et al., 2024; Moyano et al.,
2021).

Furthermore, digital twins integrated with historical building performance simulation tools
provide information on the energy behavior of these buildings and support decision-
making related to interventions aimed at improving energy efficiency and reducing costs in
the sustainable management of historical buildings. In addition, they contribute to greater
data reliability and user safety (Massafra; Predari; Gulli, 2022; Cheng et al., 2024; Karatzas
et al., 2024; Trento; Wurzer; Coraglia, 2019; Zhang et al., 2023a; Galiano-Garrigds et al.,
2024; Vuoto; Funari; Lourengo, 2024; Zhang et al., 2023b; Casillo et al., 2024; Vuoto;
Funari; Lourenco, 2023; Chacén et al., 2024; Jouan; Hallot, 2020; Cortés Meseguer; Garcia
Valldecabres, 2023).

As for the challenges related to the application of digital twins to built heritage, aspects
related to the need for multidisciplinary approaches to data collection and analysis were
highlighted. On the other hand, some authors emphasize this multidisciplinarity as an
advantage, as it allows for a more comprehensive assessment of damage to historic
buildings. This stage is considered complex, as it requires professionals with prior
knowledge of specific software, in addition to knowledge about the materials that make up
the historic building for the production of modeling that approximates the real object
(Lucchi, 2023; Nguyen et al., 2023; Martinelli; Calcerano; Gigliarelli, 2022; Rubens et al.,
2023).

In short, three-dimensional models have been identified as useful for preserving and
documenting heritage, considering the tracking of changes and degradation throughout
the useful life of historic buildings. Digital twins have been described as one of the main
technological trends for the conservation and enhancement of cultural heritage, being
pointed out as fundamental for monitoring, managing, and supporting actions to protect
historic buildings (Yigit; Uysal, 2024; Cardinali et al., 2023; Capolupo et al., 2020; Casillo
etal., 2022).
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3.3 Maintechniques and conclusions

In order to summarize the application of non-destructive testing and technological means
in the field of built heritage, Table 2 shows the relevant information obtained from the

literature.

Table 2: Non-destructive techniques and integrated digital tools with their respective applications

Reference

Type(s) of NDT and techniques

Applications

[Froner et al., 2024; Patrucco et al., 2022;
Gusella; Cluni; Liberotti, 2020]

[Frackiewicz; Raszczuk; Jasienko, 2024;
Santos-Assuncgao et al., 2014; Pérez-
Gracia et al., 2013; Artopoulos et al., 2024;
Guadagnuolo et al., 2023; Pérez-Gracia et
al., 2009; Chik et al., 2024; Yalginer;
Bulylksarag; Kurban, 2019]

[Vidovszky, 2017]

[Martinez-Soto et al., 2021]

[Muradov et al., 2022, Yalginer;
Buyulksarag; Kurban, 2019]

[Gusella; Cluni; Liberotti, 2020; Artopoulos
et al., 2024]

[Drobiec; Nowogoniska, 2023; Raposo et
al., 2017; Torres-Gonzalez et al., 2021;
Hidalgo-Sanchez et al., 2023]

[Diz-Mellado et al., 2021; Hidalgo-Sanchez
et al., 2023; Bertolin; Berto, 2024]

[Froner et al., 2024; Patrucco et al., 2022,
Artopoulos et al., 2024; Intrigila et al.,
2024; Hussein et al., 2024; Puerto et al.,
2024; Bouzas et al., 2022; Wang et al.,
2023; Monchetti et al., 2023, Cecere et al.,
2024, Sarhan; Abed, 2021; Rubens et al.,
2023; Capolupo et al., 2020]
[Santos-Assuncao et al., 2014; Jiménez
Rios et al., 2024]

[Vieira et al., 2023a; Sewasew;
Tesfamariam, 2023; Abd El\Wahab; Bakr;
Raslan, 2019; Sanchez-Aparicio et al.,
2020; Baik et al., 2021; Penjor et al., 2024;
Moyano et al., 2021; Lucchi, 2023; Zhang
etal., 2023a; Lin et al., 2024; Nguyen et al.,

Infrared thermography

GPR/ GPR combined with seismic tomography

X-ray testing

Surface wave spectral analysis

Microwave combined with photogrammetry
and laser scanning/GPR technologies

Infrared thermography

Ultrasonic and sclerometric technology (or
wood hammer test), visual inspection,
resistograph, and moisture meter/ Plaster:
Visual inspection, durometer (hardness and
moisture), infrared thermography

(discontinuities, detachments, and moisture),

and GPR (identification of metal fixings and
presence of voids)
Visualinspection (damage mapping),

photogrammetric surveys (for visualizations),
thermography (moisture problems, differences

between materials, or cracks in walls), laser
level (angular distortions of structural

elements), Vibration testing (accelerometer to

measure structural rigidity), GPR (to confirm
documentary hypotheses about the subsoil),
laser scanners

Cameras, photogrammetry, terrestrial laser
scanning, and thermography

GPR, seismic tomography/ Smart materials

Unmanned Aerial Vehicle (UAV), laser scanner,

software to generate three-dimensional
models

Understanding of
construction techniques and
masonry wear

Assessment of structural
integrity, beam position,
surface and subsurface
monitoring of historic
buildings

Investigating wrought iron
structural elements
Evaluation of elastic
modulus, shear modulus, and
Poisson's ratio

Identification of moisture or
groundwater in the vicinity of
the building
Characterization of masonry
texture and thermal
evaluation of buildings
Identification of internal
defects in the quality of
wooden parts, mechanical
characteristics of wooden
parts/

Diagnosis of the state of
conservation of plaster
structures, such as hardness
Identification of construction
flaws through the
combination of ENDs and
contribution to preventive
conservation

Monitoring of deterioration
processes

Obtaining information about
the internal structure of
columns

Data to recreate the structure
and geometry of historic
buildings for maintenance,
retrofitting, or restoration
processes of historic
buildings/Assistance in
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2023; Morero et al., 2023; Tang et al., 2024;
Khalil; Stravoravdis; Backes, 2021; Moyano
et al., 2023]

[Vieira et al., 2023a; Resta; Bogle;
Mondino, 2024; Lucchi, 2023; Cortés
Meseguer; Garcia Valldecabres, 2023;
Cardinali et al., 2023; Capolupo et al.,
2020]

[Cheng et al., 2024; Hou et al., 2024; Zhang
et al., 2022; Massafra; Predari; Gulli, 2022;
Trento; Wurzer; Coraglia, 2019; Karatzas et
al., 2024]

[Martinelli; Calcerano; Gigliarelli, 2022;
Oostwegel et al., 2022; Mohd Nurfaisal
Baharuddin et al., 2023; Galiano-Garrigés
et al., 2024; Cinquepalmi; Tiburcio, 2023;
Vuoto; Funari; Lourengo, 2024; Zhang et
al., 2023a; Casillo et al., 2024; Vuoto;
Funari; Lourengo, 2023; Chacén et al.,
2024; Jouan; Hallot, 2020; Cortés
Meseguer; Garcia Valldecabres, 2023;
Yigit; Uysal, 2024; Cardinali et al., 2023;
Bertolin; Berto, 2024; Casillo et al., 2022]

Cameras, sensors, modeling software

Thermodynamic simulations in software

Photogrammetry, terrestrial laser scanning,
geodetic surveying, computational resources
(software)

decision-making with the
preparation of technical
documents for built heritage
Virtual knowledge of heritage
in various locations around
the world/ Virtual tours/
Appreciation of historical
heritage

Improvement of thermal or
energy performance of
historic buildings/ Possibility
of performing simulations
Contributions to the planning,
maintenance, preventive
conservation, and
sustainable protection of built
heritage

4 Final considerations
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1679-0944

Based on a systematic literature review conducted using the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) method, the following main conclusions
were identified:

(i) Non-destructive visual inspection techniques, Ground Penetrating Radar (GPR), and
infrared thermography are widely used to characterize historic buildings;

(i) Non-destructive testing mainly enables: understanding of the construction technique
and wear and tear of masonry, assessment of the integrity of structures; identification of
moisture or water in the building's surroundings, characterization of the texture of the
of the building,
manifestations, and contribution to preventive conservation;

masonry, thermal assessment identification of pathological

(iii) The most commonly used methods for digitizing and applying digital twins to
buildings of historical interest were photography, photogrammetry, and mobile laser
scanning;

(iv) Digitization and digital twins contribute to historic buildings by monitoring
deterioration processes, obtaining information about the internal structure of columns;
recreating the structure and geometry of historic buildings for maintenance, retrofitting, or
restoration processes; assisting in decision-making through documents created for
technical collections; providing virtual knowledge of heritage sites around the world;
virtual tours, appreciation of historical heritage, improvement of the thermal or energy
performance of historic buildings with simulations, and contributions to the planning,
maintenance, preventive conservation, and sustainable protection of built heritage.

(v) Combined approaches of non-destructive testing and technological resources can
improve the monitoring of the behavior of building elements and support decision-making
in future interventions, in order to strengthen strategies for the sustainable preservation of
built heritage.
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However, it was observed that the scientific production analyzed presents some studies
from European countries and some regions of Asia, where preservation policies and
investments in heritage monitoring technologies are more consolidated. On the other
hand, there are some studies from countries that have extensive and diverse sets of
buildings of historical interest, such as those located in Latin America, Africa and part of
the Middle East, which may indicate progress in scientific research on built heritage in
these regions.

Furthermore, it should be noted that the conclusions presented are conditioned by the
selected bibliography and the analytical frameworks defined by the research approaches
and questions adopted. The analysis highlights the need to expand studies focused on the
application of non-destructive techniques in buildings of historical interest, especially
when integrated with technological resources such as digitization and digital twins.
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