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Abstract

The article reflects on the role that robotics, automation and digital technologies can assume in the
context of evaluating the physical condition and structural integrity of masonry heritage structures.
The main research motivation is that all these processes, from structural surveying and inspection to
computational modelling and structural assessment, can be improved with these disciplines that have
gained great importance in recent years. Recent research shows that progress in mechatronic systems
and digital technologies can help in reducing the time cost, at the operational and data processing
level, enhancing the practicability and applicability of inspection systems, as well as in reducing
uncertainties at the level of interpretation, processing and analysis of data. The main objective of the
article is to identify: (1) recent solutions that built on these disciplines for solving surveying inspection
challenges of cultural heritage structures; (2) strategies on the use of digital technologies to develop
advanced computational models for structural analysis that consider the detailed structural
information collected during inspection, e.g., geometry and masonry microstructure, material
properties and damage. The focus is placed on works showing advances that can improve our ability to
perform structural diagnosis and analysis of masonry heritage structures, particularly through the on-
site characterisation of the masonry inner morphology and the integration of this information into
numerical models.
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Introduction

Safeguarding our architectural masonry heritage is a key factor for Europe’s social cohesion, cultural
identity, economic growth and sustainability [1]. Thus, it is a major societal demand but also a big
challenge, particularly due to the high seismic vulnerability of existing masonry structures. Their
conservation involves a unique set of challenges that stem from trying to maintain a balance between
respecting heritage values and ensuring structural safety, and having little to no information on the
existing historic structure. The success of any intervention on an existing structure requires a proper
understanding of the unknowns and uncertainties about aspects such as materials, geometry,
structural detailing, loading conditions, and existing damage. Additionally, any investigation should be
carried out in a manner that is least invasive, aiming to protect the valuable fabric.

In this context, the role of inspection tasks is essential because they can provide data to inform
subsequent structural analysis and/or any decisions for intervention on the existing buildings. The
present article reflects on how we can improve our current surveying and inspection techniques for
heritage masonry structures, focusing on the advantages and disadvantages of some of the disciplines
that have gained more scientific attention in recent years. In the first part of the article, we look into
the role that automation of Non-Destructive Testing (NDT) systems, specifically through the
development of mechatronic systems, can play in this matter, particularly aiming to reduce time
consumption and enhance the applicability of current structural diagnosis and evaluation methods.
Then, we present state-of-the-art applications of the most widely used mechatronic system, which are
Unmanned Aerial Vehicles (UAVs) for surveying and documenting architectural assets. In recent years,
their use has become widespread in the sector of cultural heritage because of cost and time efficiency.
Lastly, we overview past and current practices to contemplate the possibilities of integrating the
information obtained from the above mechanical and geometrical inspection techniques into digital
replicas, aiding the structural assessment of built heritage structures. The main challenge is to go
beyond the mere geometric digital representation of an asset by allowing decision-making in
predictive mode through associating the physical object with its digital replica, that is, its digital twin.
The article thus focuses on the multi-stage and multi-disciplinary processes necessary to evaluate the
physical condition and structural integrity of masonry heritage structures. The workflow covers
structural surveying and inspection using mechatronic systems and UAVs, to numerical modelling and
analysis for structural diagnosis. Whereas the independent use of the different processes involved in
the workflow has been widely studied in the literature, there are limited studies intertwining all of
them with the common goal of providing a comprehensive structural assessment of historic masonry
structures.

In particular, the authors identified a research gap in the limited ability of current 3D reconstructions
of historical buildings to represent the internal morphology and damage of masonry, despite the
crucial role of this information for numerical analyses and structural assessment. The research
methodology adopted for the present article consists of a flexible narrative review based on the
authors’ experience, aiming to identify past works that have applied mechatronics and integrated NDT
data into numerical models for the structural diagnosis and analysis of heritage masonry structures.
The objective is to organise scattered information and contribute to the consolidation and definition
of a multi-stage process for structural surveying, with a focus on the documentation, structural
characterisation, and realistic modelling of the microstructure of masonry and the inner condition of
masonry components.

Mechatronic systems for the non-destructive evaluation of masonry heritage structures

The use of mechatronic systems for inspection processes has gained significant attention in recent
years within the transport infrastructure sector [2]. However, in the domain of cultural heritage, it
remains a relatively emerging area of research [3-5]. Recent studies emphasise the promising role of
service robots fitted with advanced sensors and instrumentation for cultural heritage applications [6],
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although their practical implementation in this field is still limited. The most common application of
robots and drone systems in cultural heritage structures is for 3D surveying and visual inspection [7-
11]. The automation of NDTs using robotic systems that are not image-based is still a limited research
area, particularly in the field of masonry structures.

This section presents the capabilities and potential of using mechatronic inspection systems based on
wave propagation methods (acoustic or radar), which are able to penetrate through the material, to
obtain information about the interior condition of masonry structures and their microstructure. Figure
1 shows a graphic summary of the type of systems addressed in the present review, focused on
automating the inspection procedure at the level of wave emission (different types of robotic
platforms able to emit the penetrating wave) and wave acquisition (remote sensing systems and
wireless sensor networks), to characterize key structural parameters, such as inner damage, inner
morphology, stress level or mechanical properties.

PARAMETER!

LI 7 ACQUISITION

Figure 1. Graphic summary of automation of NDT systems for the structural diagnosis of the built heritage, based on
mechatronic systems and an automated acquisition system.

NDT based on wave propagation methods are the only way to obtain information about the inner
morphology of historic structures, detect inner damage and its extension or estimate material
properties, without inflicting any damage to the structure. Nonetheless, their practical application
remains limited due to the absence of standardised protocols, the complexity involved in their
implementation and interpretation, and the significant amount of time required for both field
operations and data processing. Despite the progress in the field, we are still using similar manual
procedures, technology, and equipment, e.g. Ground Penetrating Radar [12-14] and acoustic
methods, namely sonic [15-16] and ultrasonic [17-18].

Sonic tests have been preferred instead of ultrasonic ones due to the limitation of ultrasonic waves to
penetrate heterogeneous materials like masonry, where high-frequency waves rapidly attenuate
when going through discontinuities [19]. The lower frequencies generated by the impact of a hammer,
or a similar hitting device, allow the waves to penetrate deeper into the material, even though they
offer a lower resolution. Sonic inspections are thus particularly valuable for masonry with previous
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research showing sound correlations between the sonic wave propagation attributes and several key
structural parameters, e.g., inner morphology [20-21], material properties [22-24] or damage [25-26].
Among sonic inspection methods, tomographic imaging stands out for its considerable potential, as it
enables internal mapping of materials and cross-sectional visualisation. This approach allows the
identification of defects or discontinuities in a non-invasive manner. However, tomographic inspection
in masonry structures is typically carried out manually. Given the need to collect a great amount of
data to carry out the tomographic reconstruction, this becomes an important limitation to inspect
large components of a building and one of the main reasons why its use is limited in practice.

The automation of acoustic inspection procedures—encompassing both signal emission and
reception—has recently become a focus of research in the assessment of concrete structures, to
identify defects and evaluate structural integrity [27-30]. Likewise, automated impact-based devices
have been developed to detect debonding or detachment in tiled surfaces [31-32]. Concerning the
reception system, its automation has been recently explored with remote sensing technology and
wireless sensor networks (WSNs). Remote sensing equipment, e.g., scanning laser vibrometers, can
measure vibrations (velocities and displacements of points) from a distance, i.e., up to tens of meters.
Its application in the field of conservation of structural diagnosis of the built heritage is limited to some
examples that used it to measure displacements at bridges [33-34] or to perform ambient vibration
testing [35-39]. At a smaller scale, these techniques have also been employed for the non-destructive
evaluation of artworks [40].

The use of WSNs to monitor different parameters in Cultural Heritage has been widely used. WSNs
consist of distributed, wirelessly enabled embedded devices capable of employing a variety of
electronic sensors. They can be deployed at different points of infrastructure for Structural Health
Monitoring, as has been shown in several works for bridges [41-42] and, more recently, in the field of
cultural heritage [43-47]. These systems have great potential because of the lower cost of the
technology, the wireless connections, and the fact that they are easily scalable. A performance
evaluation of different routing topologies of WSNs in a cultural heritage site was done in [48]. The
historical site selected was San Juan Bautista church in Talamanca de Jarama (Madrid, Spain), where
a WSN was deployed to monitor different parameters for more than one year [49].

Moreover, in recent years, the Internet of Things (loT) paradigm has proven to be particularly suitable
to support the conservation of cultural heritage. With the concept of the IoT, new communication
protocols and new technologies are appearing that can be very useful in cultural heritage, from the
monitoring of individual objects to the complete monitoring of buildings. 10T could be very important
to simplify the practical application of current standards of preventive conservation or to predict the
degradation of objects based on the information gathered. This is the case of the ARGUS Horizon
Europe project, which aims to integrate monitoring sensor data and machine learning algorithms for
the early detection of anomalies, prioritisation of risks, and, as a result, make management decisions
for conservation [50]. Recent work within the ARGUS project has shown how long-term loT-based
monitoring combining fixed sensor networks with mobile robotic inspection can effectively support
preventive conservation in fragile subterranean heritage environments such as the underground wine
cellars of Baltanas [51]. Furthermore, real-time loT approaches could be crucial to contribute to short-
and long-term conservation, for example, minimising the impact of humans (tourism, vandalism, etc.)
and accidents (fires, water leaks, etc.). 10T is focused on having less consumption, higher coverage,
lower cost, and easier deployment [52]. Therefore, the use of 10T is becoming very useful also for
people not specialised in technology deployment.

Two recent experiences of the authors have focused on developing an automated system combining
the previously discussed technologies to perform acoustic tomography inspection of historical
structural elements. Firstly, a new versatile and geometrically reconfigurable ultrasonic tomography
system was designed to inspect and obtain information about the internal structure and inner damage
of columns in heritage buildings [53]. The proposed system automated the inspection process,
enabling the acquisition of multiple tomographic slices along the height of several masonry columns
at the Convent of Carmo (Figure 2). By significantly reducing the inspection time, a large amount of
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data could be collected, which allowed the creation of detailed 3D tomographic images of the entire
columns. The inspection of a 6 m height column with more than 8,000 measurement points was made
in four hours. The information was essential to assess the overall degradation state of the columns.

Attenuation (dB)
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-25

o S VR (0]
Figure 2. Automatic ultrasonic tomography system for the inspection of columns: (a) on-site inspection; and (b) 3D
tomographic images obtained after inspection [53].

A second innovative automated sonic tomography system was developed to inspect and characterise
the internal structure and damage of historic masonry walls [54]. The system integrates a Cartesian
robot capable of moving an impact device within a vertical frame measuring 0.9 x 0.5 m along the X,
Y, and Z axes, thereby generating the sonic excitation. It can be coupled with different types of data
acquisition systems for signal reception. Initial validation was carried out under laboratory conditions
using a scanning laser vibrometer to capture the response, enabling full automation of the inspection
process (Figure 3a). Several masonry walls of different geometries (and dimensions of approximately
60-70 cm long, 40-50 cm thick and 80-90 cm high) were inspected, and a full inspection of each wall
(consisting of an average of 1,500 measurement points) could be done in less than 2 hours, generating
tomographic images of the cross-section of the wall at different heights (Figure 3b). Automating the
inspection also allows carrying out inspections simultaneously with mechanical testing, e.g., cyclic
uniaxial compression tests. A recent investigation aimed to study the variations of tomographic
imaging under loading cycles of increasing amplitude, evaluating the sensitivity of sonic inspections to
measure damage and stress level of masonry components over time [55]. These two experiences
highlight the potential of automating the inspection to enhance the results obtained from existing
methods, such as the tomographic technique, obtaining quantitative information about the interior
of heritage structures.
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Figure 3. Automated Sonic Tomography System for Masonry Wall Inspection: (a) on-site inspection; and (b) tomographic
images in terms of velocities at different walls of ashlar masonry wall [61].

Although tomographic imaging techniques are effective for examining the internal morphology of
masonry elements, the level of detail they provide remains limited. Results provide smeared velocity
or attenuation maps that are complex to interpret, and demand high expertise. The application of
Artificial Intelligence in cultural heritage is increasing every day and can be particularly meaningful to
improve data post-processing and interpretation. For example, the application of Deep Learning (DL)
algorithms for tomographic reconstruction has recently been applied in the construction field to
detect flaws and rebar position in concrete elements [56-58], and also in the geophysics field [59-60],
showing promising results. However, there is limited experience in the field of masonry [61]. The
development of data-oriented algorithms to map inner boundaries, detect and classify flaws within
masonry elements directly from acoustic data would require a large dataset, but could significantly
aid in the interpretation of results. Their use can provide enriched and more detailed information
about the interior of historical construction elements, e.g., cracks, inner morphology, voids, etc. Such
information is essential for the structural diagnosis and assessment and, eventually, to make informed
decisions on how to intervene.

Automated NDT inspection systems ensure precise, reproducible measurements for the inspection
and characterisation of infrastructure, reducing inspection times and improving reliability. Still, one of
the main limitations of existing automated NDT inspection systems, including the previous
experiences described, is their limited scale, preventing them from effectively covering large
infrastructure, e.g., a full facade or a whole heritage building.

Different solutions have been proposed to address local accessibility. Hoxha et al. [62] proposed two
omnidirectional robotic systems for inspecting concrete deck surfaces (i.e., concrete floors). Both
platforms incorporated a vision-based positioning module, but differed in the NDT technique they
carried: one robot was equipped with an automatic impact-echo (IE) data-collection system, while the
other integrated a GPR antenna mounted beneath the chassis for automated GPR acquisition. In a
subsequent study [63], the authors combined these two systems into a unified multi-sensor robotic
platform capable of performing both IE and GPR inspections.

Similar developments exist for vertical surfaces. Nishimura et al. [64] introduced a propeller-type wall-
climbing robot capable of performing simultaneous visual and hammering inspections, with crack
width estimation and acoustic differentiation between sound and defective areas. Likewise, Zhang,
Huang, and Guan [65] proposed a UAV-mounted wireless air-coupled GPR system that collects
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subsurface data autonomously without requiring surface contact. The lightweight high-frequency
radar is integrated into a hybrid aerial-ground robot for stable, high-speed data acquisition and is
paired with an enhanced YOLOV5 (You Only Look Once) model equipped with Efficient Channel
Attention for real-time subsurface defect detection. Several other GPR wall-climbing robots for
vertical concrete inspection have also emerged [66-70].

However, all these systems share a key limitation: they operate locally and therefore cannot achieve
the coverage required for full fagcade inspection. For large-scale surfaces, a fundamentally different
approach is needed—one capable of rapid, precise movement across wide areas.

For such applications, automated positioning systems such as planar Cable-Driven-Parallel-Robots
(CDPR) [71]. CDPRs consist of multiple cables, each controlled by actuators to adjust their length.
These systems have demonstrated high payload capacities with minimal moving parts, making them
highly efficient for certain applications. The low inertia of cables allows the end-effector to achieve
higher accelerations, resulting in fast movement across large areas [71]. CDPRs are particularly
advantageous due to their high payload-to-weight ratio, large workspaces, and ease of transportability
[72].

While CDPRs have diverse applications in the medical [73-74] and industrial [75] fields, their
application in the construction sector is limited, e.g., window cleaning on facades [76-77] and green
wall maintenance [78]. Nevertheless, they show great potential for NDT of large infrastructure. This
includes building facades, dam walls, and other expansive structures, where CDPRs can be deployed
to inspect areas that are difficult to access with traditional methods. Their ability to traverse large,
complex architectural geometries quickly makes them a powerful tool for large-scale NDT inspections.
Thus, CDPRs could revolutionise the NDT process for these structures, ensuring efficient and precise
inspection, improving safety, and reducing the time required for such tasks, particularly in
environments that are otherwise challenging to navigate. In line with this perspective, Alsuhaibani
[79] highlights automated robotic inspection systems as one of the most promising future directions
for advancing NDT of externally bonded fibre-reinforced polymer systems, further reinforcing the
importance of scalable robotic platforms such as CDPRs.

Recent work [80] showed the development of a CDPR equipped with a mobile impact platform capable
of performing automated sonic emission and tomographic inspections on masonry and rammed-earth
structures. The system was successfully deployed at the Bermeja Towers in the Alhambra, showing its
ability to generate and receive sonic waves across large surfaces and to support 2D/3D tomographic
analysis of internal material conditions. The associated control software for this robotic system has
been made publicly available in [81], enabling reproducibility and further development within the
research community.

Building on these initial results, the system was later deployed at full scale in the Torre de la Vela, as
reported in [82]. In that campaign, the CDPR enabled the acquisition of more than 16,000 valid sonic
ray paths through a 16-accelerometer array, producing detailed 3D tomographic reconstructions that
revealed internal heterogeneity, deep cracks, voids, and interfaces between original rammed earth
and later brick masonry repairs.

Complementary inspections using GPR [83] provided high-resolution information on shallow internal
features such as material layering, cavities, and highly reflective inclusions. The same cable-driven
robot allowed GPR measurements at heights of approximately 20 m on the Torre de la Vela without
scaffolding, ensuring full monument visibility for visitors during the inspection. Together, the
sonic-tomography and GPR results confirm that automation can drastically improve data-acquisition
density, allow access to previously unreachable areas, and deliver a more complete structural
diagnosis of heritage walls, eventually enabling precise and minimally invasive conservation strategies.
Another research path with great potential to improve the scalability and accessibility of NDT
inspections is to mount inspection systems in UAVs. Mounting hammering systems in UAVs has
already been applied for inspecting large infrastructure [84-85], showing great potential. Udell and
Kamel [86] have developed a UAV platform that can be equipped with different contact-based NDT
systems (e.g., ultrasonic transducers), which can greatly enhance inspection capabilities. Pfandler et
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al. [87] demonstrated the feasibility of autonomous, contact-based NDT on reinforced concrete using
a hexacopter equipped with two specially designed probes capable of measuring half-cell potentials
and concrete electrical resistivity. Their system incorporates self-monitoring features to ensure
reliable contact during flight and was successfully validated on a concrete bridge, highlighting the
strong potential of UAV-based corrosion assessment to detect early-stage damage and enhance large-
scale autonomous inspections. Such systems can become an important solution to reduce the time
consumption of existing systems and highly enhance accessibility to any part of the structure.
Furthermore, recent studies [88] have also identified UAV-based acoustic impact testing as a
promising future direction, supporting the growing interest in airborne NDT solutions capable of
reaching complex or hazardous areas with minimal human intervention.

Unmanned Aerial Vehicles for structural surveying and inspection

UAVs have undergone rapid advancements lately. They are becoming increasingly lighter, smaller, and
better equipped. They now feature long-lasting batteries and enhanced control and stabilisation
systems, enabling improved flight performance and data capture capabilities. In addition, thanks to
various intuitive features, they have become highly user-friendly even for non-professionals.

UAVs are extensively utilised in various sectors (i.e. agriculture [89-90], forestry [91-92], logistics [93])
and are also becoming extremely important in construction and engineering [94-95], architecture and
urbanism [96-98], and disaster management sectors [99-104]. Moreover, UAVs are instrumental in
capturing spatial data over expansive areas, facilitating risk assessment and damage detection,
particularly following seismic events such as earthquakes [105]. Their ability to capture high-resolution
imagery (including the use of infrared and multispectral cameras), collect data, and access hard-to-
reach areas has made them invaluable assets and has revolutionised the fields of building inspection
and documentation.

UAVs offer several advantages over traditional inspection methods, including enhanced safety, lower
cost, and time efficiency. The ability to generate high-quality documentation places UAVs at the
forefront of technological innovations and the future of heritage preservation and conservation.
Figure 4, in the form of a Sankey diagram, shows state-of-the-art applications of UAVs in the
construction and architecture disciplines.

The diagram presents a conceptual framework describing the interconnections between different
phases of activity, from planning and inspection to construction, preservation, and management. Each
link symbolises a channel of knowledge transfer, collaboration, or methodological dependency. Within
the broader context of interdisciplinary research in structural and heritage engineering, the figure
serves to clarify processes in construction and conservation. Each branch emerging from the main
process nodes indicates a pathway toward various applications and technologies that extend their
function. For instance, preservation connects simultaneously to documentation, environmental
monitoring, risk and vulnerability assessment, and heritage management, showing how conservation
practice depends on analytical, technological, and managerial input. Structural inspection overlaps
with planning and construction through non-destructive testing, structural health monitoring, and
post-disaster assessment, reflecting the continuity between evaluation and execution. The
convergence of these branches around UAVs, 3D modelling, and virtual environments represents the
technological core that sustains communication among disciplines, enabling data-driven decision-
making across all phases.

The diagram shown in Figure 4 does not display proportional fluxes or quantitative transfers that
would typically characterise a true Sankey representation. Nevertheless, it remains an effective
qualitative visualisation of relational complexity. Its purpose is not to quantify or compare magnitudes
but to reveal the web of interactions among different phases of activity and the technological or
methodological tools that connect them. Within the framework of interdisciplinary research, where
processes often overlap and disciplinary boundaries are fluid, a visualisation offers an intuitive
overview of how various domains interact, influence, and inform one another. In heritage
conservation and disaster management, processes rarely follow linear or isolated trajectories. The lack
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of proportional data, therefore, does not diminish the interpretative or communicative value of the
diagram, as its role is to illustrate conceptual relationships. A detailed bibliographical analysis aimed
at determining measurable flux values between the processes and applications would be beneficial,
but will also exceed the scope and objectives of this research.
Due to the reasons above, the use of UAVs can be instrumental in the regular inspection and
documentation of heritage structures, which is key to their long-term conservation. In the following
sections, we present a brief overview of mission preparation using UAVs, followed by application
examples in structural inspection and heritage documentation using UAVs equipped with cameras and
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Figure 4. Qualitative mapping of UAV application domains in construction using a Sankey-style diagram (flow widths are
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UAV mission preparation

A set of easy-to-implement procedures is important to achieve accurate and reliable results in built
heritage documentation. From the authors’ experience, careful planning of flight paths, altitude, and
camera settings is crucial and must comply with the mission objectives. Pre-flight site inspection and
pre-determined flight paths can be used to identify safer flights and to increase time efficiency. Today,
UAVs are equipped with high-resolution cameras, but setting the optimal altitude and overlapping of
imaging is important to get the desired data and to model it in 3D. Camera settings such as ISO, shutter
speed, aperture, and white balance are important and can be automated by careful planning, avoiding
unfavourable weather conditions, and utilising diverse camera extensions and filters. Conducting
thorough checks of the UAV system, including batteries, propellers, and sensors, before each flight is
essential for safety. The safety of people, property, and the UAV itself should be respected at all times.
To have optimal post-processing, the establishment of protocols for data storage, labelling and backup
can be beneficial. Figure 5 presents a predefined UAV flight path developed for a photogrammetric
survey mission of the heritage-protected urban core of Karlovac, Croatia. The figure illustrates the
planned trajectory required for the drone to capture complete visual coverage of the target area,
ensuring sufficient image overlap and spatial accuracy for 3D model reconstruction. Parameters such
as flight altitude, velocity, image capture frequency, and camera orientation are predefined within the
mission plan to optimise data quality and minimise processing errors.

Photogrammetry

Photogrammetry is a technique used to create accurate 3D models from a collection of 2D images.
UAVs equipped with high-resolution cameras capture a series of overlapping images from different
angles, which are then processed using photogrammetry software. This software analyses the images,
identifies common features, and calculates their position and depth, resulting in a detailed 3D model
of the heritage structure. UAV photogrammetry has been widely used in heritage structures for the
purpose of documentation of monuments (e.g. [106-107], damage detection (e.g. [102,108]), virtual
tours of heritage sites (e.g. [109-110]), and even the creation of digital twins (DT).

Figure 5. An example of a predefined UAV flight path for a photogrammetric survey mission.
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The utilisation of UAVs has significantly enhanced the efficiency of both photogrammetry and DT
techniques in heritage documentation. By utilising the capabilities of UAVs, these methodologies have
become more streamlined, less time-consuming, and capable of capturing vast areas with ease. In the
past, capturing data for a large heritage site could take weeks or even months, and with UAVs, it can
be done within a matter of days or even hours. This data acquisition not only saves valuable resources
but also minimises disruptions to the site and surrounding areas. Moreover, UAVs can access areas
that are challenging to reach or pose safety risks to human operators, such as tall buildings, damaged
premises, or remote locations [111-114]. In summary, the state-of-the-art in using UAVs for heritage
documentation is extensive, with numerous case studies showcasing different approaches and
methodologies (e.g. [115-117]).

To show an example of the practical outcome of the predefined UAV mission presented in Figure 5,
Figure 6 illustrates a comprehensive photogrammetric model of the urban core of Karlovac. The model
demonstrates how systematic aerial data acquisition along a controlled flight path enables the
generation of high-resolution, georeferenced 3D representations of complex urban areas. To provide
a more detailed insight into the achievable level of precision, Figure 7 presents a close-up
photogrammetric model of three representative buildings within the same survey zone. This detailed
section highlights the model’s capacity to capture architectural geometry, facade textures, and
surroundings with high spatial fidelity.

Figure 6. An example of a comprehensive photogrammetric model of the city of Karlovac generated from the predefined
UAV mission.

Figure 7. A detailed photogrammetric model of three representative buildings within the surveyed zone.
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LiDAR systems

LiDAR (Light Detection and Ranging) is a remote sensing technique that uses lasers to measure
distances and create highly accurate 3D point clouds. UAVs equipped with LiDAR sensors emit laser
pulses toward the structure, and the reflected signals are captured to determine the distance and
position of various points. The dense point clouds generated by LiDAR provide a representation of the
geometry, shape, and topography of the site, enabling precise documentation and analysis. It is
important to acknowledge that achieving precise documentation can come with high costs, as cutting-
edge technologies and equipment often demand substantial investments. However, the use of LiDAR
technology can be particularly attractive when dealing with extensive urban neighbourhoods or
sizable architectural complexes and aggregate buildings [118], since the amount of data and process
time is significantly less than using photogrammetry. The main benefits of the LiDAR system are non-
destructive data capture, rapid data acquisition, and enhanced visualisation and analysis, such as
volumetric measurements, surface deformation, or structural integrity assessment. Figures 8 and 9
show a comparison of data gathered by photogrammetry and LiDAR systems on UAVs, respectively,
obtained by the authors. For the first building (Figure 8), a small commercial drone equipped with a
12MP camera (DJI Spark) was used. Flight time was approximately 30 minutes. The level of accuracy
obtained was 2 mm. It must be noted that just the front facade and the roof were recorded. The
objective of developing the model was to map damage and train it for automated building damage
detection, specifically to distinguish and highlight the boundaries between damaged and undamaged
areas of structures. Figure 9 shows one example of documenting the geometry of a bigger number of
units in building blocks. The area was recorded by a LiDAR system mounted on the DJI Matrice 300
drone equipped with Zenmuse L1 [118]. Flight time was approximately 25 minutes, and the level of
accuracy obtained was 5 cm. The mission aimed to obtain the geometrical features of buildings within
an aggregate, including height, area, roofs and window characteristics, to facilitate seismic
vulnerability analyses of individual buildings within that aggregate.

Using the LiDAR system in combination with the photogrammetric dataset, it becomes possible to
accurately extract building dimensions, generate floor plans, and even identify openings on facades
with minimal post-processing (Figure 10). The high spatial resolution of the acquired data enables
precise geometric characterisation of both individual structures and their spatial relationships within
the urban fabric. For this mission, the required level of precision was established at 1.6 cm/px,
ensuring that the resulting point cloud provides sufficient accuracy for detailed structural assessment
and for subsequent use in seismic vulnerability analyses.

Figure 8. Photogrammetry acquisition of the geometry of a building [105].
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Figure 9. (top) Point cloud of 3 building blocks obtained by LiDAR system (green colour — lower altitude, red colour - higher
altitude); (bottom) more detailed view of the point cloud of one building block.

Figure 10. UAV-based LiDAR and photogrammetric data acquisition for a geometry.

Another benefit of LiDAR is its capacity to penetrate vegetation and capture data on the complete
structure, including architectural details that may be hidden by vegetation. Numerous authors
exploring the potential of LiDAR systems mounted on UAVs [110,119-132] agree that the future of
using LiDAR technology lies in combining the obtained data with other imagery to create
comprehensive and multi-dimensional datasets for heritage documentation and analysis. Overall,
LiDAR on UAV is an extremely fast data collection technique and can serve for long-term monitoring
of heritage sites, enabling the detection and analysis of changes in structural integrity over time.

Thermal imaging

Thermal imaging is especially useful for identifying temperature variations and detecting anomalies
such as heat leaks, moisture intrusion, insulation gaps, or structural deficiencies. As the main point of
a thermal camera is energy efficiency analysis, thermal imaging data can be processed and visualised
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to create thermal maps or colour-coded images and can reveal areas of heat loss or energy
inefficiencies in heritage buildings. Like all the other mentioned technologies, UAV-based thermal
imaging enables non-destructive, rapid data acquisition. Present research in UAV-based thermal
imaging lies in ways to achieve a more precise analysis and comparison of thermal patterns in heritage
structures [133-135] by combining the data with other sensors’ data and the creation of multi-sensor
fusion. Moreover, current research efforts include structural health monitoring applications of
thermal imaging [136-138] and the development of algorithms for automated image processing [139]
and anomaly detection [140-144].

Multispectral and hyperspectral imaging

Multispectral imaging involves capturing images across different spectral bands, beyond what the
human eye can perceive. UAVs equipped with multispectral cameras can capture data in specific
wavelengths to monitor structural integrity or assess material composition (i.e., such as stone, paint,
vegetation, etc.). It can be used to detect and recognise vegetation and the density of vegetation
around and on/at heritage buildings. The data (images) can reveal hidden patterns and features and
can facilitate subsurface mapping. By comparing spectral signatures captured during different flights,
it is possible to identify changes in material degradation or vegetation growth (e.g. [145]). As with
other mentioned technologies, current research is oriented to combining the data with other sensors’
data and creation of multi-sensor fusion (e.g. [146]), data calibration and validation, structural health
monitoring (e.g. [147]), and developing advanced algorithms for automation (e.g. [148]). As the field
continues to evolve, the ongoing development of knowledge, coupled with data collection, holds great
potential for conducting more comprehensive analyses of historical sites in the future (e.g. [149-150]).

Outcomes from international projects focused on using UAVs for heritage documentation

There have been several research projects focused on the use of UAVs for heritage. Table 1 shows a
selection of projects and initiatives related to heritage documentation in Europe. In the following, we
summarise some of the challenges encountered within the mentioned projects regarding the
application of UAVs for heritage documentation, as identified in the reviewed studies.

Table 1. UAV and heritage documentation.

Project Scope
CyArk [151] Digital preservation of heritage sites
ANQA [152]
Inception [153]
Archeodron [154] UAVs for the exploration and documentation of archaeological sites
Arches [155] UAVs for data acquisition, documentation and creation of digital models
Heritage Within [156]
Aeroworks [157] UAV for efficient inspection and preservation of critical infrastructures
Heracles [158] UAVs for monitoring and assessing the vulnerability of heritage structures to climate-
related risks
RICHES [159] UAV-based LiDAR, for the documentation, preservation, and dissemination of
European cultural heritage
Echoes [160] UAV-based thermal imaging
ROCK [161]
E-RIHS [162]
ADRISEISMIC [163] UAV for seismic vulnerability of heritage-protected urban centres
ARES [164] UAV for documentation of damage in heritage
TAPEDA [165]

DOI 14/41


https://sqripta.com/
https://sqripta.com/journals/resilience-and-reuse-in-the-built-environment/

| Resilience and Reuse in the Built Environment ISSN

Project Scope
DigiArt [166] UAV-based SfM for the documentation and reconstruction of historical buildings
3D-ICONS [167]

While UAVs offer significant advantages, several challenges need to be addressed. Very often, UAV
operations are subject to strict regulations and airspace restrictions, even when all the flying permits
are obtained. Additionally, the General Data Protection Regulation (GDPR) can arise as an issue.
Harmonisation of regulations, flexibility, and effective enforcement mechanisms are necessary to
address these challenges and foster a conducive environment for UAV-based heritage documentation.
From a technical point of view, UAVs have payload limitations, restricting the type and number of
sensors that can be carried. ldentifying structural features and materials using UAVs in heritage sites
requires high-precision sensors capable of capturing fine details and spectral signatures. The challenge
lies in the accurate interpretation of these data to differentiate between various materials and detect
subtle signs of degradation or alteration, which are crucial for the conservation of historic structures.
UAVs face limitations in documenting the interior spaces of heritage buildings due to restricted access
and GPS signal loss. Innovative solutions, such as indoor navigation systems or hybrid UAVs equipped
with additional sensors, are required to overcome these obstacles and capture detailed interior data
for comprehensive heritage documentation.

UAVs have emerged as powerful tools for the inspection and documentation of heritage structures.
Their advantages, including enhanced safety, cost efficiency, and high-resolution data collection, make
them invaluable assets in the field. While challenges and limitations exist, addressing them through
improved regulations, technological advancements, and interdisciplinary collaborations will unlock
even greater potential for UAVs in heritage documentation. By embracing technologies such as Al, and
Augmented and Virtual Reality (AR/VR) applications, as well as advancements in sensors, the field will
continue to evolve, ensuring the preservation and understanding of architectural heritage for
generations to come.

Digital technologies for structural assessment of heritage structures

A data-driven decision-making process is key for the definition of a structural intervention strategy in
a heritage structure based on the concept of minimum intervention [168]. Such a data-driven
approach should be based on multi-level information coming from historical inspection, in-situ and
laboratory testing, monitoring, and structural analysis. From this perspective, the digital twining
paradigm fits very well within the scope of the study and protection of heritage structures.

In recent years, there has been an increased interest in the topic of digital twinning of heritage
structures [169]. In the broad sense, a DT is a digital replica of a physical object that integrates data
from sensors, simulations and analytics [170]. According to the application, the DT can facilitate one-
or two-way (static or dynamic) exchange of information between physical and digital objects,
providing the possibility for a reactive data-informed decision-making approach for the maintenance
of existing structures. In most heritage structure applications, information still flows in one direction,
with the digital object receiving and reflecting the physical object's condition at a given point in time.
Digital representations that mirror a physical asset's current condition using sensor data are typically
referred to in the literature as digital shadows [171]. A digital shadow is a static or periodically updated
digital model of a physical asset derived from data such as point clouds, but it does not involve
continuous interaction. In contrast, a DT involves a dynamic, bidirectional link between physical and
digital systems, enabling real-time monitoring and simulation. In heritage applications, the majority
of current approaches correspond to digital shadows; however, ongoing developments are
progressively moving towards DT implementations.

Here, our focus lies on the use of digital technologies for developing computational structural analysis
models representative of the current structural state. To achieve this, the digital structural model
should include realistic information regarding geometry, material properties, and existing damage. In

DOI 15/41


https://sqripta.com/
https://sqripta.com/journals/resilience-and-reuse-in-the-built-environment/

| Resilience and Reuse in the Built Environment ISSN

the following, we present an overview of the strategies used in the literature to consider such
information when developing a structural analysis computational model of an existing heritage
masonry structure. Digitalisation for documentation and management, such as the use of Building
Information Modelling technologies, is outside the scope of this review, and interested readers on
these technologies are referred to relevant reviews, such as [172-174].

Modelling existing geometry: from point cloud to structural analysis

Geometry is among the most important parameters when assessing the structural stability of existing
structures made from unreinforced masonry. This is due to the intrinsic mechanical characteristics of
masonry, which exhibits much higher compressive strength than tensile strength. Due to this, and
under the assumptions of the lower-bound (or safe) theorem [175], a structure can be evaluated as
safe when a thrust line, in equilibrium with external loads, falls within its geometrical boundaries.
Table 2 summarises the main workflows used to move from a point cloud to a structural analysis
model, which are presented in the following.

Long before the concept of digital twinning was introduced, structural engineers were looking for ways
to generate computational models that reflect as closely as possible the actual geometrical
(deformed) state of the analysed structure. As already mentioned in Section 3, this can be achieved
using geomatic technologies such as laser scanning and photogrammetry. 3D point clouds directly
obtained from laser scanning (e.g. [176-180]) or after processing images through photogrammetry
[177-178,181-184] have served for a long time as the basis for a manual definition of the surfaces and
volumes of the investigated structures.

The high time cost of manual processing of point clouds motivated early research on semi- or fully
automated pipelines for geometry generation. Linh Truong-Hong and Laefer [185] developed a
pipeline for an octree-based boundary detection and model generation through voxelization of
building facades scanned with LiDAR. Riveiro et al. [186] developed a fully automated procedure for
segmenting 3D point clouds for masonry arched bridges for use in structural health monitoring.
Castellazzi and co-workers [187-188] developed a semi-automated segmentation of 3D point clouds
for the generation of finite [189] or discrete [190] element models of buildings. The pipeline is based
on the generation of closed horizontal planar surfaces by sliding the 3D point cloud at different heights
and then stacking and voxelizing those surfaces for the generation of a 3D volumetric finite/discrete
element model, where each voxel corresponds to a finite/discrete element. An important feature of
the approach is the possibility to generate 3D computational models of complex geometries. The
result of these pipelines is a structural model with a simplified representation of the masonry texture,
either as a continuum or as discrete, but without representing the actual masonry texture and micro-
structure.

Angjeliu et al. [191] introduced the concept of generative programming (GP)-based modelling for the
geometric representation of complex structural components (e.g., vaults, ribs), combined with manual
CAE modelling for simpler geometries (e.g., piers, walls). Their semi-automated framework integrated
geometric, material, and monitoring data within a hierarchically structured simulation model, aiming
to establish continuous correspondence between the physical and numerical representations of
historical masonry buildings. The methodology was applied to study the structural evolution of the
Milan Cathedral (Italy). Funari et al.[192] proposed a generative programming (GP)-based Scan-to-
FEM framework for creating calibrated finite element models from point clouds of historic masonry
structures. The approach represents the geometry as an assemblage of parametrically defined entities
composed of sub-entities (e.g., pillars, arches, walls, vaults). The procedure involves: i) the
identification and parametrisation of the structural sub-entities, ii) the assembly of entities (e.g. nave,
tower) from these sub-entities, iii) the assembly of the structure from the entities, and iv) the
automated transfer of the geometry and the mechanical properties into a finite element environment
via Python scripting. The workflow is semi-automated: the identification and parametrisation steps
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require manual intervention, while the generation, assembly, and FE import are largely automated.
The methodology was validated through the complex case of the St. Torcato Church (Portugal),
demonstrating that the GP approach enables consistent and computationally efficient model

generation suitable for DT applications.

Table 2. Comparison of the main workflows for geometry-to-model generation in heritage masonry structures.

Scan-to-FEM

Scan-to-BIM / HBIM

Al-driven classification and
modelling

Primary input

3D point cloud (laser scanning or
photogrammetry)

3D point cloud (laser scanning
or photogrammetry)

3D point cloud / RGB images

Primary
output

FE mesh (continuum or discrete
element model)

BIM / HBIM model; FE model

Semantically labelled
architectural elements; FE
model

Intermediate
representation

Voxelized volumes; parametric
sub-entities (GP-based)

Solid geometry with semantic
attributes

Classified point cloud
segments

Semi-automated (identification

Increasingly automated;

Degree of . . Semi-automated (semantic . .
. & parametrisation require . supervised and unsupervised
automation . enrichment largely manual)
manual input) ML/DL
Human Required for entity identification Required for semantic Required for training data

intervention

and parametrisation

enrichment and quality control

preparation and validation

Masonry
texture

Simplified (continuum or
discrete, no explicit micro-
structure)

Simplified (geometry-focused)

Not explicitly modelled

Key challenge

Handling complex irregular
geometries, automation

Preserving geometric accuracy
during simplification,
automation

Availability of labelled
training data for irregular
structural typologies

Representative
works

[185-192]

[193-199]

[200-216]

Note: The boundaries between the three workflows are not always sharp — several studies combine Scan-to-BIM with Al
classification, or use BIM as an intermediate step towards FEM.

The growing use of Building Information Modelling (BIM) for the documentation and management of
heritage masonry structures has motivated the development of workflows for transforming BIM
models into finite element models. Early applications focused on integrating BIM into the process from
point cloud acquisition to FE modelling [193-195]. Although these procedures successfully produced
FE models of complex structures, they were labour-intensive and only partially automated. Leonardi
et al. [196] advanced this research line by developing a fully open-source automated pipeline for
generating FE models from BIM in Industry Foundation Classes (IFC) format. The workflow converts a
BIM model into a solid tetrahedral FE mesh and assigns all necessary mechanical properties and
boundary conditions automatically. The methodology was validated through the linear analysis of a
case study on a complex masonry aggregate in Ortigia (Syracuse, Italy), where the automatically
generated model produced results consistent with manually built FE models.

In parallel, the concept of Heritage Building Information Modelling (HBIM) has emerged as a
framework for integrating heterogeneous geometric, material and historical data into a single digital
model. Unlike conventional BIM systems, HBIM is specifically designed to represent the irregular
geometry and complex construction systems of heritage buildings. It acts as a digital repository that
links geometric reconstruction with structural assessment and conservation documentation. Recent

DOI 17/41


https://sqripta.com/
https://sqripta.com/journals/resilience-and-reuse-in-the-built-environment/

| Resilience and Reuse in the Built Environment ISSN

developments have explored automating the semantic enrichment of these models directly from 3D
point clouds [197,198]. Garcia-Gago et al. [199] propose integrating highly detailed 3D point clouds
into BIM workflows. This is particularly valuable during the diagnostic phase, as it preserves geometric
accuracy often lost when converting point clouds into simplified 3D models.

Studies such as that of Cotella et al. [200] highlight that the Scan-to-BIM process for historic
constructions remains largely semi-automatic. Although several recent approaches already integrate
Al, such as LLMs [201,202], to automatically recognise and classify structural components—such as
walls, vaults, columns, and roofs—from 3D point clouds, the overall workflow still requires significant
human intervention. ML and DL algorithms [203,204] leverage the geometric [205] and radiometric
[206,207] data embedded in point clouds to accurately distinguish architectural elements. Supervised
ML approaches [208-210], unsupervised clustering techniques [206,207,211], and more advanced DL
approaches [212,213] have demonstrated their effectiveness in semantically classifying architectural
typologies and construction systems. These advances are a significant step towards fully automated
Scan-to-BIM workflows and could be instrumental in the automatic development of computational
models for the structural analysis of heritage structures.

Pantoja-Rosero and co-workers [214,215] developed a fully automated image-based end-to-end
pipeline for the generation of finite element meshes for equivalent frame and continuum-based
models of the outer walls of masonry buildings, given their thickness. The pipeline is based on
computer vision and is the first to use DL technologies for identifying wall and roof surfaces and
openings corresponding to door and window openings. The same methodology was used later in Ariss
et al. [216] for the nonlinear analysis of unreinforced masonry building facades under in-plane loading.

Computational modelling of the masonry typology

The workflows for generating computational models discussed above represent masonry as either a
continuum or a discontinuum medium, without explicitly accounting for the geometric characteristics
of the stone masonry typology. However, experimental studies [217-221] have shown that the
mechanical properties of masonry depend on both the properties of the units and the mortar, as well
as the arrangement of the units within the wall, i.e. the masonry typology. The high costs and time
invested in experimental testing, coupled with the large variability of masonry typologies and the
inherent uncertainty in materials, have underscored the need for numerical studies [222-223]. These
could complement and extend experimental investigations in understanding the structural role of
specific masonry typologies.

Accurate numerical simulations require a detailed mesh that represents the shape and arrangement
of masonry units in the wall. The first step towards achieving this is the development of a stone
masonry typology generator that can be used to generate diverse masonry typologies. Over time,
various masonry typologies generation methods have developed to generate 2D/3D meshes for
numerical simulations. First endeavours involved manually segmenting mortar and stone units in 2D
images to create input meshes for numerical models [224-226]. This process has been improved by
automating segmentation using computer vision and deep learning techniques [227-230]. Some other
studies have extracted 2D micro-geometry from RGB images for health monitoring of existing
structures [231-232]. Castori [233] created a 3D FE mesh from RGB images using digital image
processing algorithms, while Abu-Haifa and Lee [234] developed an image-based modelling-to-
simulation pipeline for 3D discrete element modelling of masonry structures.

Most recent advancements include the development of virtual stone and brick masonry generators.
Zhang et al. [235] developed a 2D microstructure generator based on computer vision, inspired by the
work of Miyata [236], which was later used to generate different masonry typologies to investigate
the influence of masonry typology on the shear response of walls through discrete finite element
modelling [222]. Vadala et al. generated single-leaf masonry typologies based on rectangular-shaped
units using a Grasshopper-based geometrical algorithm [237]. Shagfa and Beyer [238] developed a 3D
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microstructure generator that can prepare detailed meshes of single- or multi-leaf stone/brick
masonry walls based on a multi-objective optimisation packing approach. Szabé et al. [239] introduced
a microstructure generator for rectangular course masonry, which creates various masonry patterns
based on the masonry quality index and arrangement. Kamel and Massart [240] proposed an
automated methodology to extract mortar joint descriptions from irregular masonry geometries,
enabling the direct generation of cohesive zone FEM models for mechanical simulations.

More recently, Wang et al. [241] presented an image-based method for automating the stacking of
non-uniform stones in the construction of 2D load-resistant stone masonry walls. The authors tested
the load-carrying capacity of the developed walls using a variational rigid-block modelling approach,
demonstrating the capacity of the algorithm to develop realistic load-bearing walls in an efficient way.
In a follow-up study, Wang et al. [242,243] also developed a unified stone stacking algorithm that
deals with the geometric planning of multi-leaf masonry walls with regular and irregular stone shapes.
This algorithm overcomes the limitations of existing stone stacking algorithms [238,244-245], which
struggle to incorporate the traditional rules of art used by masons.

In parallel, there has been significant progress in generating realistic numerical models of existing
walls. Tiberti and Milani [246] generated 2D finite element meshes of existing stone masonry
typologies from images. An image of the wall is first transformed to a rasterised black-and-white or
grey-scale image, and each pixel is assigned to a mortar or stone unit based on the red value of its RGB
triplet. The final finite element mesh is then developed by transforming each pixel into a rectangular
finite element. The same approach was then used for the development of (hypothetical) 3D
geometries from images of existing walls, by extruding the stones through the wall thickness [247].
The method allows both simple transversal extrusion and ellipsoidal extrusion of the stone units
through the wall thickness for single-leaf walls. In a follow-up study [248], authors further extended
their method to generate the 3D geometry for multi-leaf walls. Pereira et al. [249] developed a
pipeline for the automatic generation of multi-leaf non-periodic block-by-block patterns that
considers, in a probabilistic way, the distribution and size of units at the wall surface. The algorithm
produces single or two-leaf walls by extruding the stone face through the wall thickness. In the same
work, the algorithm was used to analyse an existing heritage stone masonry structure through block-
based limit analysis and block-based finite element models. Wang et al. [250] introduced an
automated technique for generating synthetic 3D models of rubble-stone masonry walls from images
of real walls, ensuring that generated walls statistically resemble the geometric features and
construction characteristics of the source wall. Several other techniques have been developed to
generate 3D masonry texture based on point cloud data and images, but these methods cannot
capture internal masonry morphology [211,250-252]. The above approaches aim to develop realistic
irregular masonry typologies through images, or a set of geometrical rules reinforced in some cases
by case-dependent statistical data [219]. However, they are not yet capable of accurately representing
irregular masonry typologies of existing masonry structures. Until today, this has been possible only
for specimens constructed in a laboratory, where photogrammetry [54] and laser scanner-based
pipelines [253] have allowed the generation of a geometrical DT at the level of unit of newly built
masonry walls (Figure 11). Ullah-Shah et al. [254-255] have curated and made openly available a
database including these geometrical DTs of experimentally tested stone masonry walls, along with
wall microstructures created through virtual masonry generators. While these works pave the road
for the generation of detailed finite element models of stone masonry walls that will allow an accurate
estimation of their structural response, they do not provide a solution for the generation of
geometrical DTs of existing masonry typologies in heritage structures. A possible way to obtain
information about the internal masonry morphology so that it can be represented in a humerical
model is by using non-destructive techniques such as radar or acoustic methods. As described earlier,
while important steps have been made for the tomographic representation of wall sections of existing
masonry walls, the current level of detail in those tomographic representations does not permit the
generation of a geometrical DT of the existing masonry texture.
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Figure 11. (left) Physical stone masonry wall; and (right) geometrical DT [253].

When it comes to regular masonry typologies, such as brick masonry, the regularity of unit dimensions
and repetitiveness of the masonry pattern reduce the complexity, making the digital twinning of
existing structures possible. Along this line, Loverdos and Sarhosis [256] presented a pipeline for the
generation of digital twins of brick masonry structure cracks based on computer vision and machine
learning. Convolutional neural networks were trained to identify the blocks and cracks in an image of
an existing structure and differentiate those from the background. Extracted features (i.e., bricks and
cracks) are then transformed into polylines and exported in a CAD-based environment. The output is
a planar geometrical DT of the wall face with existing cracks that can be used for the development of
numerical models. Still, the generalisation of this pipeline for the generation of 3D computational
models needs some information on the geometrical variation of brick masonry through the wall
thickness. Along the same line, Griesbach et al. [257] proposed an Al-assisted, semi-to-fully automated
workflow that transforms image-based data into three-dimensional discrete block models of
unreinforced masonry walls. The pipeline combines machine learning-based segmentation—for
detecting masonry units from orthoimages of the structure—with engineering-informed statistical
reconstruction of occluded wall regions. The reconstruction of the latter hidden or inaccessible areas
is based on statistical parameters extracted from visible regions, specifically the block length
distribution and the horizontal staggering of head joints. The method significantly reduces the
modelling effort required for discontinuum analyses, although it is currently limited to regular, single-
leaf masonry walls.

Computational modelling of existing damage

Historic damage and deformation of existing structures are sources of important information about
past actions and structural performance, as well as indications for a local alteration of the material
mechanical properties. The latter is particularly important when assessing the actual structural
capacity and performance of an existing damaged structure. While modelling existing deformation
can be considered as an integral part of the modelling approaches discussed above, the incorporation
of damage in an existing model is not merely a geometrical problem. To consider the influence of
existing damage in the structural response, the structural analysis model should include both the
topological information of the damaged zone (i.e., a geometrical definition of damage) and the local
change in the mechanical properties.

DOI 20/41


https://sqripta.com/
https://sqripta.com/journals/resilience-and-reuse-in-the-built-environment/

| Resilience and Reuse in the Built Environment ISSN

Current research practice uses information from laser scanning or photogrammetry to identify the
location of damage, which is then manually defined in the computational model (e.g. [183,258]), see
Figure 12. In recent years, there has been an increased interest in leveraging the power of Artificial
Intelligence for the identification of damage in existing structures from images [214,256,259] and 3D
point clouds [207,260]. To date, there is a notable lack of standardisation in the algorithms utilised for
both segmentation and damage analysis in heritage conservation. This variability frequently
complicates the integration of Al technologies into broader diagnostic workflows [260]. To address
this challenge, Sdnchez-Aparicio and co-workers developed the open-source software Seg4D [261],
which consolidates several Al-based segmentation and diagnostic tools into a unified framework. This
framework, extracted from the Sanchez-Aparicio et al. review [262], is based on the proposal of a
novel classification system for damage detection based on 3D point clouds. The dual focus of Seg4D
on both segmentation and damage detection provides a comprehensive approach to addressing the
diagnostic needs of historic buildings. By unifying multiple ML and DL algorithms, the platform
facilitates the consistent identification of construction systems and automates structural damage
detection, such as arch and vault deformation, wall inclination and slab deflection. This effort towards
standardisation through open-source tools represents a crucial step in the development of reliable
and automated diagnostic processes in the field of heritage conservation.

(a) (b) ()

Figure 12. Generation of computational element models with existing damage in [258]: (a) Laser scanner point cloud
(courtesy of Proskene); (b) wireframe model based on the point cloud with mapped damage; (c) calibrated finite element
model based on dynamic identification, including existing cracks as zones with different mechanical properties.

Until now, the above works have focused on the automatic identification and mapping of existing
cracks on a geometrical representation of the structure, without, however, providing a correlation
between cracking and degradation of mechanical or structural properties. Such a correlation has been
recently investigated for experimentally tested stone masonry walls by Rezaie and co-workers [263],
who used machine-learning algorithms to correlate the crack characteristics (i.e., maximum crack-
width, crack length and complexity dimension) with degradation of strength and stiffness, as well as
displacement capacity of the walls. Pereira et al. [264] have applied a similar approach for finding a
correlation between crack patterns and residual drift capacity of damaged masonry walls, but based
on numerically generating damaged wall scenarios. The generalisation of the results of these studies
to different masonry typologies could benefit the generation of equivalent frame models (EFM) of
existing damaged structures.

Modelling of damage in a continuum finite element model is commonly performed through reverse
engineering by using the results of operational modal analysis [265]. Operational modal analysis aims
to identify the most significant modal frequencies and shapes of the structure through dynamic
identification tests. Based on these results, the numerical model can be calibrated by adopting linear
elastic properties in the damaged zones and reducing the elastic properties of the damaged materials,
or by introducing material discontinuities corresponding to cracked zones. This iterative method aims
to minimise an objective function, which compares one or more numerical and experimental dynamic
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characteristics, such as modal frequencies and modal shapes [265]. The model updating can either be
done in a “discrete” way by changing the mechanical properties in narrow bands, representing
damage localisation zones (e.g., [183,258,265-266]) or in a “smeared” way by changing the mechanical
properties in larger material volumes, representing average properties of a damaged zone (e.g., [267-
271]). Apart from modelling damage, calibration of numerical models based on operational modal
analysis data can allow for a better estimation of the boundary conditions with adjacent structures.
As described, the model calibration procedure based on operational modal analysis is an iterative
approach, which can be time-consuming, especially for large structures. Moreover, there is no
guarantee of the uniqueness of a solution to the minimisation problem, as there could be more than
one combination of material and damage characteristics that can lead to the minimisation of the
objective function for a given error. Nevertheless, as demonstrated by the works discussed in this
section, this calibration process enhances the digital representation of the physical object by reducing
the uncertainty with respect to numerical modelling of key dynamic properties, such as modal shapes
and eigenfrequencies, even under ambient vibrations. The calibrated damage-enhanced model can
serve as a good starting point for evaluating the structural safety and the effect of possible
interventions, given the condition that nonlinear phenomena can be simulated.

Conclusions

This article has presented a wide range of applications of automation systems and digital technologies
in the field of inspection and conservation of the built heritage. Even though most of the state-of-the-
art applications are computer-vision and LiDAR-based inspections that provide information related to
the visible surfaces of the architectural assets, current research also focuses on the use of automated
terrestrial systems and UAVs for non-destructive inspections that can provide information about the
interior of an existing structure, such as the internal microstructure and characteristics like material
properties. Similarly, digital environments and technology are still mostly used for the 3D graphical
reconstruction of the surfaces of an object, as well as to store information obtained from the structure
after an inspection, such as damage or NDT data. However, recent works are increasingly focusing on
adding information beyond the visible surface, such as the wall microstructure, to the digital models
of existing masonry structures.

The developments related to the inspection of the masonry structures play an important role in the
generation of computational tools for structural analysis that represent the current state of an existing
masonry structure. Geomatic approaches based on laser-scanning and photogrammetry are the
backbone for the geometry acquisition of existing structures. The use of machine learning techniques
has made it possible to identify and include information in the computational models related to the
presence and location of damage. Existing damage is considered in the numerical analysis either in a
“smeared way” or in a “discrete way” by adapting the material parameters of large zones or locally at
the location of damage, respectively. In both cases, operational modal analysis is the most common
method to obtain experimental information for calibrating the material parameters in numerical
models.

Numerical models of large-scale masonry structures are usually based on a macro-modelling
approach, considering the influence of the masonry typology through homogenization approaches. In
recent years, there have been significant steps towards the development of numerical models that
can explicitly consider the influence of the masonry typology, with existing applications focusing on a
fictitious (but realistic) masonry typology generation or a statistically representative sample of an
existing structure. More recently, the advancement in typology generators developed based on image
technology, engineering-informed statistical information, and geometrical planning algorithms has
enabled the generation of 3D microstructures. However, for existing structures, the geometrical
digital twinning at the level of the component remains constrained by the limited accessibility of the
internal morphological information on the multi-leaf masonry typology through the wall thickness.
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While non-destructive testing and data-driven approaches provide valuable insights, accurately
resolving the true internal morphology of irregular multi-leaf masonry walls remains challenging.
Nevertheless, the mentioned advances in the field pave the road for the generation of detailed finite
element models of existing heritage structure walls that will allow an accurate estimation of their
structural response and therefore a more efficient and effective conservation strategy.

The review has thus shown two clear gaps of knowledge in the field that could be addressed: (i) 3D
reconstruction of a heritage asset is, in most cases, lacking the representation of the internal
morphology of its structural elements, e.g., shape and size of stones and their position within a
masonry wall. Non-destructive techniques coupled with machine learning algorithms can help to this
purpose, but still lack validation for diverse irregular masonry typologies. (ii) Computational models
of existing structures are static ones and aim to represent the status of the structure at the moment
of inspection. The accuracy of these models to represent the real structure can be enhanced with the
fusion of multi-modal data from sensors placed in the structure that capture real-time operational
data. The association between physical objects and virtual ones makes it possible to activate data
analysis and monitoring of the monuments in such a way that it is possible to operate in predictive
mode, identifying problems even before they occur. The combination of the different approaches
explored in the present document can be essential to fill these gaps in knowledge and achieve a more
efficient structural diagnosis of the asset.
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