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Abstract

The integration of advanced terrestrial laser scanning (TLS) techniques into building in-
formation modelling (BIM) workflows has significantly enhanced the digitization and
preservation of cultural heritage sites. In this context, crowdsourcing can operate as a
complementary upstream mechanism for enriching heritage inventories, supporting partic-
ipatory mapping, collecting preliminary condition observations, and prioritizing assets for
subsequent expert-led TLS acquisition, HBIM modelling, and structural assessment. This
paper explores the application of TLS within BIM for the structural assessment and the long-
term monitoring of historic structures. The reviewed studies show how high-resolution
TLS data can support the development and updating of geometry-informed structural
models, enabling detailed structural assessment and effective management strategies. The
reviewed case studies demonstrate the practical benefits of integrating TLS with BIM, such
as improved accuracy in structural assessments, enhanced data processing capabilities,
and the creation of comprehensive digital twins. These advancements facilitate better-
informed decision-making and targeted preventive measures, contributing to the resilience
and preservation of cultural heritage assets. The results underscore the contribution of
TLS–BIM/HBIM workflows to condition-informed documentation, structural assessment,
conservation planning, and long-term heritage management. This research was supported
by the ERA4CH project, which aims to protect European cities’ cultural heritage from
earthquake risks through innovative monitoring and management tools.

Keywords: building information modelling (BIM); historic building information modelling;
terrestrial laser scanning (TLS); cultural heritage preservation; structural assessment; digital
twin; remote sensing; structural health monitoring

1. Introduction
Cultural heritage (CH) represents the legacy of past human activities and encompasses

a vast range of items at varying scales, including small artifacts, museum exhibits, cultural
landscapes, historical buildings, ancient monuments, city centers, and archeological sites.
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Ensuring the preservation of these valuable cultural assets for future generations is a
collective responsibility of humanity and a key objective of public policy [1].

The significance of preserving our heritage is acknowledged both nationally and
internationally. Towards this direction, research efforts for the development of tools,
methodologies and effective mitigation strategies to serve this scope have been intensi-
fied. Over the years, numerous documents, guidelines, and protocols have been issued by
leading cultural heritage organizations, including the International Centre for the Preser-
vation and Restoration of Cultural Property (ICCROM) [2], UNESCO, and the European
Commission [3].

Cultural heritage buildings in Europe, which is estimated to amount 30% of the total
existing stock [4], are exposed to different threats and are often subject to unique challenges
due to their age, construction materials, and architectural details, and may suffer from age-
related wear and tear that can compromise their structural integrity. Specifically, cultural
heritage buildings are susceptible to damage due to deformations caused by environmental
degradation, erosion, and collapse caused by natural disasters, excessive human interven-
tion in the process of preservation and development, as well as inappropriate intervention
such as replacement of existing materials and colors in the process of restoration [5].

Thus, continuous monitoring and documentation of those assets with significant
cultural, historical, and architectural value, is increasingly vital for their preservation.
Regular monitoring is essential for early detection of problems such as foundation settling,
material degradation, and structural deformations caused by environmental factors or
uncontrolled human activity. Moreover, continuous monitoring can provide valuable
information regarding the structural stability of those buildings, enabling continuous
assessment and compliance verification with building codes and standards, ensuring that
structures meet required safety specifications.

Heritage intervention projects involve many stakeholders with a variety of back-
grounds (e.g., engineers, archeologists, restorers, etc.) which usually work separately, so
dispersed (or diverse or unharmonized) data are produced. Thus, the need for the devel-
opment of solutions to improve the management of heritage building projects needs to be
highlighted [6,7]. Also, the comprehensive assessment of heritage buildings’ sustainability
performance needs also more attention [8].

Despite substantial progress in reality capture and digital modelling, the literature
on integrating terrestrial laser scanning (TLS) point clouds with building information
modelling (BIM) and Historic BIM (HBIM) for assessment purposes remains fragmented.
Existing studies often emphasize geometric documentation and model creation (scan-to-
BIM/HBIM), while fewer works explicitly connect (i) the chosen TLS acquisition and point-
cloud processing pipeline, (ii) BIM/HBIM information structuring and interoperability, and
(iii) the resulting outputs required for engineering assessment, including structural condi-
tion, monitoring, and assessment of cultural heritage assets. Furthermore, prior reviews on
TLS–BIM integration have not consistently reported transparent review protocols, which
limits reproducibility and makes it difficult to identify robust open research directions.

The reference to crowdsourcing reflects the broader information chain required for
large-scale heritage assessment. In this review, crowdsourcing is not treated as a replace-
ment for expert survey, TLS acquisition, HBIM modelling, or structural analysis. Instead, it
is positioned as an upstream data-enrichment mechanism that can support preliminary in-
ventories, participatory mapping, geotagged photographic documentation, visible damage
reporting, and prioritization of assets requiring detailed assessment. This role is consis-
tent with the ERA4CH framework, where crowdsourced and field-collected data can be
structured through digital forms and GIS-based platforms to support rapid screening and
decision-making before detailed TLS–BIM/HBIM workflows are deployed.
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This review addresses the following research questions:

Q1. What end-to-end TLS–BIM/HBIM workflows are reported for cultural heritage docu-
mentation, monitoring and structural assessment?

Q2. Which assessment objectives are supported by these workflows (e.g., condition/pathology
mapping, deformation monitoring, damage identification, HBIM generation, and
structural-analysis model preparation) and how are the resulting outputs validated?

Q3. What technical, methodological, and operational barriers limit the adoption of TLS–
BIM/HBIM workflows for assessment-oriented cultural heritage applications?

Q4. How can TLS–BIM/HBIM be complemented by additional data sources and tech-
nologies (e.g., photogrammetry, UAV-based methods, ALS/MLS, street-level imagery,
sensor data, and satellite InSAR) to support multi-scale heritage documentation, mon-
itoring, and structural assessment?

The paper is organized into the following sections: Section 2 details the review design,
including the Scopus search strategy, eligibility criteria, PRISMA-based screening, and the
analytical approach used to synthesize evidence. Section 3 presents and discusses the re-
view findings in four parts: (i) crowdsourcing as an upstream data-enrichment mechanism
for preliminary inventory, participatory mapping, and rapid screening; (ii) complementary
remote-sensing and image-based data sources that support multi-scale heritage monitor-
ing; (iii) laser scanning technologies and their implications for stability monitoring; and
(iv) TLS–BIM/HBIM integration workflows and assessment-oriented synthesis. Section 4
concludes by summarizing the main insights and outlining priorities for future research.

2. Materials and Methods
2.1. Data Sources and Data Collection Methodology

The literature corpus for this study was retrieved from Scopus, a widely used bibli-
ographic database, indexing peer-reviewed research across engineering, geomatics, con-
struction, and built-heritage domains. A structured search was conducted using Scopus
Advanced Search with the Boolean query TITLE-ABS-KEY (“terrestrial laser scanning” OR
“TLS” OR “laser scanning”) AND (“HBIM” OR “heritage building information modeling”
OR “building information modeling”) AND (“cultural heritage” OR “heritage preservation”
OR “cultural preservation” OR “heritage conservation”) applied to titles, abstracts, and
author keywords to ensure topical relevance. To capture developments over time, the
search was restricted to publications dated 1 January 2000–17 May 2026.

Following PRISMA 2020 guidance [9,10], the search returned 193 records (n = 193)
(Figure 1). No duplicates were detected (n = 0); therefore, 193 records proceeded to title and
abstract screening. During screening, 1 record was excluded for not meeting the predefined
eligibility language criteria (i.e., English language) while 31 studies were also excluded
since they were missing relevant keywords (e.g., TLS and/or BIM/HBIM) or were not
focused on cultural heritage and relevant subject categories, thus leaving 161 reports for
full-text assessment (n = 161). All assessed full texts met the inclusion criteria and no
full-text exclusions were made (n = 0). Consequently, 161 studies were included in the
qualitative synthesis (n = 161). In this work, the R language tool (version 4.5.2), Bibliometrix
R-package (version 5.4.1) was used [11].

2.1.1. Evolution of Studies per Year

Figure 2 illustrates the annual evolution of publications included in the bibliographic
review. The chronological distribution of the studies shows that the field has expanded
rapidly in recent years. The coded studies range from 2012 to 2026, but more than half of
the corpus was published between 2023 and 2026. This confirms that HBIM-based heritage
documentation and conservation is a rapidly expanding research area, with increasing

https://doi.org/10.3390/buildings16153066

https://doi.org/10.3390/buildings16153066


Buildings 2026, 16, 3066 4 of 43

attention to digital twins, AI-assisted workflows, monitoring, and management-oriented
applications in the most recent literature.

Figure 1. PRISMA workflow.

 

Figure 2. Year of publication of included articles.

2.1.2. Keywords Collaboration-Network

Figure 3 visualizes the keyword co-occurrence network of the included Scopus studies
(2000–2026) derived using the VOSviewer (v1.6.21). Keyword co-occurrence analysis was
performed using author keywords and indexed keywords, with a minimum co-occurrence
threshold of 30, and four main thematic clusters were derived, namely, cultural heritages
(yellow), architectural design (blue), historic preservation (red), building information
modelling/bim (green/purple).

2.1.3. Q1–Q4 Methodological Mapping Table

To ensure a direct link between the research questions and the evidence synthesis, a
structured coding framework was applied to the included studies. The framework captured
the workflow stages, assessment objectives, validation practices, technical and operational
barriers, and complementary data sources relevant to Q1–Q4. Table 1 summarizes the rela-
tionship between each research question, the coded variables, the corresponding analytical
outputs, and the Results and Discussion subsection in which the findings are reported.
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Figure 3. Keyword co-occurrence network.

Table 1. Alignment of the research questions with coded variables, analytical outputs, and Results
and Discussion subsections.

RQ Coded Variables Analytical Output Results Section

Q1

Acquisition, registration,
processing, segmentation, HBIM
generation, semantic enrichment,

model preparation

Workflow synthesis Section 3.4.1

Q2

Documentation,
damage/pathology mapping,

deformation monitoring,
structural inputs, validation type

Assessment and validation
synthesis Section 3.4.2

Q3
Occlusion, registration,

automation, uncertainty,
interoperability, cost, expertise

Barrier synthesis Section 3.4.3

Q4
Photogrammetry, UAV,

ALS/MLS, sensors, GIS, InSAR,
integration type

Multi-source integration
synthesis Section 3.4.4

The coded categories were non-mutually exclusive because a single study could
address more than one workflow stage, assessment objective, validation method, barrier,
or complementary technology.

2.2. Similar Works and Positioning

The integration of reality-capture technologies with BIM/HBIM for cultural heritage
(CH) has been reviewed from multiple perspectives, including bibliometric mapping,
workflow-oriented synthesis, and case-based methodological demonstrations. Table 2
summarizes representative and closely related works.
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Table 2. Related works and comparison to this study.

Study Review
Design/Protocol

Data Source(s) +
Time Window + Size Main Scope/Emphasis Key Outputs

Wang &
Zakaria (2025)

[12]

Mixed-methods:
scientometric

analysis (CiteSpace)
+ systematic review

Web of Science Core
Collection,

2005–2024; 813
initially retrieved;

refined to 484
records for analysis

Broad “3D visualization
technologies” for

architectural heritage
conservation (includes

BIM, laser scanning,
LiDAR,

photogrammetry, digital
twins, etc.)

Macro-level mapping of
field structure, hotspots,

evolution trends, and
thematic directions
through knowledge

maps and cluster
refinement

Xiao et al.
(2025)
[13]

Systematic
bibliometric review

combining CiteSpace,
VOSviewer, manual
close reading, and

GPT-assisted
semantic mining

Web of Science and
Scopus, 2000–2025;

967 articles

Surface protection
technologies for earthen
sites, with emphasis on
digitalization, intelligent

monitoring,
sustainability, LiDAR,

GIS, BIM, DT, IoT,
VR/AR, and
multi-source
technological

integration

Identifies a transition
from point-based

monitoring to spatial
modelling and

integrated intelligent
monitoring; proposes a

triadic framework of
intelligent monitoring,

technological
integration, and

collaborative application

Liu et al.
(2023)
[14]

Systematic review
using PRISMA

Scopus + Web of
Science, 2012–2022;

initial 378 records →
58 included

Static TLS for HBIM
development (survey
planning, acquisition,

processing, HBIM
creation)

Extracts state-of-the-art
practices; identifies
major gaps (survey

guidelines; automation
from TLS to BIM entities;

long-term
monitoring/change

detection)

Borkowski &
Kubrat (2024)

[15]

Review + workflow +
case studies
(scan-to-BIM

methodology)

Not PRISMA-style;
proposes workflow
and demonstrates 3
BIM models (fort,

plant, castle)

Integration of laser
scanning +

photogrammetry + BIM;
practical pipeline from

point clouds to BIM;
focuses on

implementation
constraints

Provides stepwise
scan-to-BIM workflow;

shows model
development decisions
(e.g., LOD), software

pipeline, and
interoperability

considerations (e.g., IFC)

Huang et al.
(2025)
[16]

Empirical
spatial-analysis

study using
historical-map

digitization, space
syntax, and GIS

Historical maps of
ancient Wenzhou

City from 1566, 1765,
1876, and 1949

Urban-form evolution
and functional

transformation of a
traditional water town,

focusing on street/water
networks and

architectural functional
attributes

Demonstrates how GIS
and spatial syntax can

quantify historical urban
morphology and

support
planning/protection

strategies for traditional
settlements

Broad bibliometric studies, such as Wang & Zakaria (2025) [12] and Xiao et al. [13],
are valuable for mapping the technological evolution of digital heritage research. Wang
& Zakaria (2025) [12] examine architectural heritage conservation through a broad “3D
visualization technologies” lens using knowledge mapping and thematic synthesis over
a large Web of Science corpus, providing an overview of research trends and thematic
concentrations. Xiao et al. [13], for example, review 967 Web of Science and Scopus records
on earthen-site surface conservation and identify a transition from point-based monitoring
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to LiDAR/GIS-based spatial modelling and integrated intelligent monitoring systems
involving BIM, digital twins, IoT, VR/AR, and multi-source fusion. However, their scope
concerns earthen-site surface protection and broad technological trends rather than the
specific TLS–BIM/HBIM workflow and its assessment-grade outputs.

More focused contributions, such as Liu et al. [14] and Borkowski and Kubrat [15],
address TLS acquisition, point-cloud processing, scan-to-HBIM modelling, and implemen-
tation constraints. These studies are directly relevant to the technical workflow examined
here, but their emphasis remains primarily on documentation and model generation. Liu
et al. (2023) [14] follow a PRISMA-guided approach focused on static terrestrial laser
scanning (TLS) for HBIM development, emphasizing acquisition and processing prac-
tices and identifying limitations related to guidance and automation in HBIM generation.
Borkowski & Kubrat (2024) [15] present an implementation-oriented scan-to-BIM workflow
supported by a small number of case studies, with emphasis on practical modeling steps
and integration considerations.

In contrast, Huang et al. [16] demonstrate the value of GIS and space syntax for
analyzing historical urban morphology, using digitized maps of ancient Wenzhou City
from 1566, 1765, 1876, and 1949 to examine the evolution of street/water networks and
urban functions. Although not focused on TLS or HBIM, this study is relevant because it
shows how spatial data and GIS-based interpretation can support heritage protection at
the urban scale.

Building on these contributions, this study adopts a targeted scope restricted to the
TLS–BIM–CH intersection (Scopus, 2000–2026; PRISMA-style screening) and structures
the synthesis according to assessment-driven requirements, with particular attention to
TLS-informed BIM/HBIM outputs relevant to structural assessment, monitoring, and
preservation decision support, alongside a structured synthesis and research agenda.

3. Results and Discussion
3.1. Crowdsourcing for Preliminary Inventory, Participatory Mapping, and Rapid Screening

In the context of cultural heritage documentation and risk-oriented assessment, crowd-
sourcing can be understood as the structured use of contributions from a large and diverse
group of participants to generate, enrich, validate, or contextualize digital information
about heritage assets. Rather than replacing expert survey, diagnostic inspection, or en-
gineering assessment, it provides an upstream data-enrichment layer that can support
preliminary inventories, participatory mapping, metadata improvement, geotagging, pho-
tographic documentation, visual condition reporting, and the prioritization of assets requir-
ing detailed investigation. This is particularly relevant because cultural heritage datasets
are often incomplete, dispersed, heterogeneous, and difficult to update at scale, especially
across extensive historic urban areas or territorial heritage portfolios [17–20].

In assessment-oriented workflows, crowdsourcing therefore plays a mainly prepara-
tory and complementary role. Citizen-contributed photographs, geolocated observations,
mobile forms, street-level imagery, UAV imagery, and web-based mapping tools can pro-
vide broad spatial coverage and rapid updates where large numbers of heritage buildings
must be screened before detailed survey campaigns are feasible. These inputs can help
establish asset location, apparent use, visible façade condition, accessibility constraints,
and possible indicators of damage or vulnerability; however, they should be interpreted as
screening-level evidence rather than assessment-grade geometric or structural data. Crowd-
sourcing can help identify buildings or urban areas requiring detailed documentation,
while TLS, photogrammetry, UAV-LiDAR, and HBIM remain necessary for high-resolution
geometry, deformation measurement, crack mapping, semantic modelling, monitoring,
and structural or seismic assessment. Thus, the relationship is not a single automated
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chain from crowdsourcing to structural assessment, but a multi-level information pathway
in which crowdsourced observations guide the deployment of more precise survey and
modelling techniques [21–24].

A practical example of this role, with focus on potential seismic hazards, is the use of
Rapid Visual Screening (RVS), where crowdsourcing or distributed field-data collection
can be structured through FEMA P-154-based forms and implemented using tools such as
ArcGIS Survey123, distinguished between Level 1 or 2 data collection approaches, building-
type classification, vertical and plan irregularity identification, soil type, final RVS score,
and the relation between screening score and collapse probability. Mobile or web-based RVS
forms can structure observations on building typology, apparent irregularities, occupancy,
visible damage, and site conditions. These data can then be integrated into GIS-based
platforms to support prioritization, risk mapping, and selection of assets for subsequent
TLS survey and HBIM development [25–27].

Nevertheless, crowdsourcing introduces well-known limitations that must be explic-
itly managed. These concerns include data quality, long-term sustainability, validation
of contributions, expert authority, accuracy, and the risk that low-quality contributions
may create additional data-cleaning burdens. For this reason, crowdsourced heritage data
should be accompanied by validation protocols, contributor guidance, controlled vocab-
ularies, geolocation checks, photographic evidence, expert review, and, where possible,
cross-comparison with authoritative records or high-resolution survey data. Its value for
seismic or structural assessment depends less on the volume of contributions alone and
more on whether these contributions are sufficiently standardized, of approved quality,
traceable, and verifiable to support expert decision-making.

Accordingly, in the present review, crowdsourcing is treated as a complementary data-
enrichment and prioritization mechanism rather than as a substitute for TLS–BIM/HBIM
or engineering analysis. It can expand the spatial and temporal coverage of heritage
inventories, support public engagement, assist post-event damage reporting, and identify
assets requiring detailed documentation. However, assessment-grade outputs—such as
deformation quantification, structural-element recognition, HBIM generation, numerical
model updating, and seismic vulnerability assessment—require controlled survey methods,
validated geometric data, expert interpretation, and engineering modelling. This framing
clarifies the role of crowdsourcing within the broader digital heritage workflow while
avoiding the overstatement that crowdsourced data alone can support structural or seismic
risk assessment.

3.2. Complementary Remote-Sensing and Image-Based Data Sources for Multi-Scale
Heritage Monitoring

Although this review focuses on TLS–BIM/HBIM integration for cultural heritage
applications, several complementary data sources can support broader monitoring and
assessment workflows. These sources are not substitutes for TLS in high-resolution geomet-
ric documentation, but they can improve prioritization, coverage, and temporal continuity
in multi-scale heritage monitoring.

At the portfolio scale, street-level imagery and machine-learning approaches can
support rapid vulnerability screening when detailed surveys are not yet available. Such
methods can assist in identifying building typologies, visible façade characteristics, and
potential exposure indicators, thereby helping stakeholders prioritize assets for detailed
TLS acquisition and BIM/HBIM development. However, these approaches provide indirect
proxies rather than assessment-grade geometric information and should therefore be used
with explicit attention to uncertainty and model bias [23].

Satellite SAR/InSAR and multi-temporal InSAR techniques offer a different type of
complementary input by enabling large-scale, non-intrusive monitoring of ground and
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structural deformation over time. In the context of cultural heritage, these methods are par-
ticularly relevant for early-warning screening, post-event assessment, and the identification
of areas requiring closer investigation. Their value lies in temporal continuity and regional
coverage, whereas TLS remains more suitable for local high-resolution documentation,
deformation quantification, and integration into BIM/HBIM-based digital twins [28].

At the asset scale, UAV photogrammetry and UAV-LiDAR can complement TLS by
improving access to roofs, upper façades, and other difficult-to-reach areas. A practical
multi-sensor strategy therefore combines broad-area screening tools, such as street-level
imagery or InSAR, with targeted UAV and TLS surveys for detailed geometric capture.
BIM/HBIM can then function as the integration environment in which geometry, semantics,
and monitoring records are structured for documentation, conservation planning, and
seismic-risk-related decision support. In this sense, complementary data sources are
most useful when they strengthen, rather than displace, the central TLS–BIM/HBIM
workflow [29].

3.3. Building Stability Monitoring and Utilization of Laser Scanning Technologies

Monitoring the stability of buildings is a critical aspect to ensure the safety and
durability of structures. By monitoring stability, potential issues that could lead to structural
failures, which can have catastrophic consequences, including loss of life, property damage,
and significant economic impacts can be identified.

Regular monitoring is essential for early detection of problems such as foundation
settling, material degradation, and structural deformations caused by environmental factors.
For example, buildings in seismic zones require continuous monitoring to detect problems
caused by earthquakes. Similarly, structures exposed to harsh weather conditions, such
as heavy snowfall, high winds, or flooding, need to be regularly assessed for stability
to prevent sudden collapses. Moreover, stability monitoring supports compliance with
building codes and standards, ensuring that structures meet required safety specifications.

Specifically for heritage buildings, stability monitoring is also vital for preserving those
assets with significant cultural, historical, and architectural value. Heritage buildings often
encounter unique challenges due to their age, construction materials, and architectural
details, and may suffer from age-related wear and tear that can compromise their structural
integrity. Thus, monitoring the structural health of historic structures is essential as:

• They are prone to deterioration over time and external activities can compromise their
stability. This deterioration reduces structural integrity and heightens safety concerns
during ongoing use and preservation efforts.

• During maintenance or renovation, historic buildings and landmarks are subjected to
additional forces that can limit their resilience. Deformation monitoring helps teams
understand the impact of their work, ensuring that they can extend the usable life of
these structures without causing damage. This ensures that restoration activities can
proceed safely.

• Protection during nearby construction is also critical. Ground disturbances from
adjacent construction projects can introduce stress to the structure, leading to defor-
mation or distortions. Early warnings of such movements can prevent damage to
the structure.

• Documenting historical changes, such as cracks or object alignments, is essential for
maintaining structural monitoring records throughout a building’s lifetime. This
documentation aids in preservation for future generations and provides a history of
changes, which can be invaluable if a disaster occurs.

• Environmental changes significantly impact older structures, which were not built to
modern standards. Severe weather events, erosion, and natural shifts in the Earth’s
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surface can cause instability and damage. Monitoring these events and their effects is
vital for the preservation and continued use of historic structures.

By employing LiDAR and laser scanning technologies for monitoring heritage build-
ings, stakeholders can gain valuable insights into their structural health and detect any signs
of deterioration or instability early on. These technologies provide detailed spatial data
that enable comprehensive assessments of the building’s condition, including identifying
cracks, deformations, and other structural issues that may compromise its stability.

Furthermore, monitoring heritage buildings using LiDAR and laser scanning allows
for the development of tailored conservation and maintenance strategies. By accurately
documenting the building’s current state and tracking changes over time, key decisions
regarding repairs, restoration, and preventive measures can be taken by the stakeholders.

In the event of natural disasters or unforeseen events, such as earthquakes or floods,
real-time monitoring of heritage buildings becomes crucial for rapid response and emer-
gency interventions. LiDAR and laser scanning technologies enable quick assessment of
damage and help prioritize rescue and recovery efforts, minimizing further deterioration
and loss of CH.

For the selection of the most appropriate survey method to be applied, the size and
complexity of the object, as well as its accessibility are taken into consideration. Also, the
availability of the appropriate equipment and the budget are important considerations.
Figure 4 depicts the difference between available techniques in terms of object complexity
(points captured) and object size.

Figure 4. Survey techniques defined by object complexity (points captured) and size. Adapted from
Boardman et al. [30].

3.3.1. Traditional Methods of Stability Monitoring

Traditional methods of building stability monitoring include visual inspections, man-
ual surveying, and the use of basic measurement tools such as plumb lines, levels, and
theodolites or IR thermography. Visual inspections involve competent inspectors exam-
ining the structure for visible signs of damage or deformation, such as cracks, tilting, or
material deterioration (Figure 5). Manual surveying techniques, including triangulation
and leveling, are used to measure displacements and deformations over time.
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Figure 5. Visual examination of residential building in Nicosia, Cyprus.

Although these methods can be effective and provide detailed assessment of the visual
condition of heritage assets, are often labor-intensive, time-consuming, and subject to
human error. Additionally, in terms of assessing building’s stability, these methods may not
provide the comprehensive data needed for a thorough assessment. As expected, access to
certain parts of a structure can also be challenging, making it difficult to conduct a thorough
examination and evaluation. Despite these limitations, traditional methods have laid the
foundation for more advanced monitoring techniques and are still used in conjunction with
modern technologies.

Selected studies in which visual examination of cultural heritage buildings was com-
bined with other methods for condition assessment are presented below.

Xystouris et al. (2021) [31] investigated the effect of climate change on the degradation
of heritage buildings’ in the historic core of two cities in Cyprus, by employing IR thermog-
raphy. Specifically, the effect of weathering due to climate change was examined for porous
limestone derived from specific regions in the island, and locally produced adobe brick.
The authors identified four principal weathering mechanisms affecting building façades
under subtropical climatic conditions. The most frequent and damaging mechanism was
moisture-related deterioration, caused by rising damp (Figure 6a), rainwater infiltration
through façade cracks, and high atmospheric humidity, which can promote repeated evap-
oration cycles and salt crystallization. Thermal expansion was the second most significant
mechanism, as substantial day–night surface temperature fluctuations generated material
stresses, cracking, and further water penetration (Figure 6b). Carbon dioxide deposition,
observed through façade blackening and discoloration, was found to have a comparatively
limited impact and could be addressed relatively easily. Microbial and plant growth was the
least common of the four mechanisms and generally occurred in damp, shaded areas with
cracks or mortar voids. Although all identified mechanisms are potentially influenced by
climate change, the authors concluded that longer-term monitoring is required to establish
a direct relationship between climate change and accelerated building deterioration.

Bektas and Kegyes-Brassai (2023) [32] applied the FEMA P-154 Level 1 Rapid Visual
Screening methodology to assess the seismic vulnerability of 20 unreinforced masonry
residential buildings in Győr, Hungary. The FEMA approach was selected because it
provides a rapid and comparatively low-cost means of screening a large building stock
using observable characteristics, including building type, age relative to seismic-code adop-
tion, soil conditions, and plan or vertical irregularities. Using the moderate-seismicity
screening form, the authors found that all 20 buildings obtained final scores below FEMA’s
recommended cut-off value of 2.0, indicating that each building warranted further profes-
sional assessment. More specifically, 15% of the buildings were classified as having a high
probability of Grade 4 damage and a very high probability of Grade 3 damage, while the
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remaining 85% had a high probability of Grade 3 damage and a very high probability of
Grade 2 damage. The study therefore demonstrated the usefulness of FEMA P-154 as a
prioritization tool for identifying potentially vulnerable buildings, although the authors
noted that the method is conservative and recommended detailed vulnerability assess-
ments, particularly for the three buildings with the lowest scores and combined plan and
vertical irregularities.

(a) 

(b) 

Figure 6. (a) rising damp/salt crystallization; (b) the cracking directly related to thermal expansion of
the materials due to prolonged sun exposure and repeated temperature fluctuations. Adapted from
Xytouris et al. [31].

Haryanto et al. (2020) [33] evaluated the seismic vulnerability of a seven-story
reinforced-concrete academic building at Jenderal Soedirman University, Indonesia, using
FEMA P-154 Rapid Visual Screening (Figure 7) together with the more detailed FEMA 310
Tier 1 procedure. The building was assessed as both a concrete moment-resisting frame
(C1) and a concrete frame with unreinforced masonry infill walls (C3), producing Level 1
scores of 3.6 and 1.4, respectively. Because the C3 score was below the FEMA cut-off value
of 2.0, the authors concluded that a more detailed structural evaluation was required. The
Tier 1 assessment also identified several noncompliant conditions, including a soft-story
deficiency, interference from infill walls, excessive column shear stress, inadequate column-
tie spacing, insufficient joint reinforcement, and the presence of unreinforced masonry
elements. These findings demonstrate that combining rapid screening with FEMA 310
checklists can reveal vulnerabilities that may not be apparent from visual inspection alone,
while also providing a basis for prioritizing mitigation measures or progressing to a Tier
2 evaluation.
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Figure 7. FEMA P-154 data collection form [25].

3.3.2. Advancements in Monitoring Techniques

Advancements in technology have significantly enhanced the methods available for
monitoring building stability. Modern techniques such as LiDAR and laser scanning
offer high precision, extensive coverage, and the ability to capture detailed 3D data of
structures. These methods enable continuous and remote monitoring, reducing the need
for physical inspections and enhancing overall safety. Additionally, the integration of
these technologies with software tools allows for sophisticated data analysis, real-time
monitoring, and automated reporting, providing a more comprehensive and accurate
assessment of building stability.

LiDAR and laser scanning can capture huge numbers of data points in short time, cre-
ating highly detailed and accurate 3D models of the examined structures. These models can
be analyzed to detect even minor deformations and changes in the building’s geometry, pro-
viding a comprehensive assessment of its stability. Nevertheless, the value of these datasets
depends on survey design, registration accuracy, repeatability, and validation. Continuing
advances in sensor performance, processing algorithms, and change-detection methods are
improving their precision and operational suitability for heritage-building monitoring.
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3.3.3. Suitability of Laser Scanning Technologies for Heritage-Asset Monitoring and
Structural Assessment

Laser scanning technologies are widely used in cultural heritage because they provide
dense, non-contact three-dimensional documentation of geometrically complex and fragile
assets. For the purposes of heritage monitoring and structural assessment, the most relevant
distinction is not the physical operating principle of each scanner, but the suitability of
different platforms and acquisition strategies for specific assessment outputs. Terrestrial
laser scanning (TLS) is generally the most appropriate method for high-resolution building-
scale documentation, including façades, interiors, vaults, masonry surfaces, structural
elements, deformation patterns, and visible damage. Mobile laser scanning (MLS), airborne
laser scanning (ALS), UAV-LiDAR, and close-range scanning can complement TLS where
wider spatial coverage, faster acquisition, roof access, upper-façade documentation, or
difficult site accessibility is required.

The selection of a scanning method should be guided by the scale of the heritage
asset, the required geometric accuracy and level of detail, site accessibility, the extent of
line-of-sight obstructions, the available budget, and the intended use of the resulting data.

TLS is particularly suitable when the objective is to generate accurate point clouds for
HBIM modelling, dimensional control, deformation analysis, crack mapping, or structural
model preparation. Its main advantages are high point density, non-contact acquisition,
repeatability, and the ability to capture irregular geometries that are difficult to document
using manual methods. These characteristics make TLS especially useful for historic
masonry buildings, monuments, towers, churches, archeological structures, and other
assets where structural irregularities and construction heterogeneity are important.

However, TLS and related laser scanning methods should not be considered as au-
tomatically assessment-grade. Their reliability depends on scan planning, registration
quality, point-cloud density, control-point distribution, surface reflectance, line-of-sight
conditions, and validation against independent measurements where possible. Common
limitations include line-of-sight obstructions behind architectural details or vegetation,
restricted access to roofs and upper façades, difficulty capturing narrow spaces, large data
volumes, registration errors, and the need for substantial post-processing before point
clouds can be converted into HBIM or structural-analysis inputs. In addition, laser scan-
ning records geometry and surface condition, but it does not directly provide material
properties, internal construction details, boundary conditions, or mechanical parameters
required for structural or seismic analysis.

At the instrument level, triangulation, pulse/time-of-flight (TOF), and phase-shift
scanners offer distinct performance trade-offs. Table 3 summarizes their principal advan-
tages, limitations, and typical heritage applications; the stated suitability is indicative
because actual performance remains instrument- and survey-dependent.

For assessment-oriented TLS–BIM/HBIM workflows, laser scanning should there-
fore be understood as a source of geometric and diagnostic evidence. It can support the
identification of wall inclinations, out-of-plane deformations, settlements, geometric asym-
metries, cracks, material loss, and other visible damage indicators. It can also provide the
geometric basis for HBIM generation, finite-element idealization, model updating, and
condition-informed conservation planning. Nevertheless, the transition from point cloud to
structural assessment requires additional interpretation, including semantic segmentation,
element recognition, damage classification, geometric simplification, uncertainty control,
and integration with engineering assumptions.
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Table 3. Comparative characteristics of principal laser-scanning measurement technologies.

Technology Main Advantages Main Limitations Typical Heritage
Applications

Triangulation

Very high accuracy and
fine spatial resolution at
close range; effective for
small, intricate surfaces
and ornamental detail.

Short operating range;
sensitive to ambient light,
surface reflectance, and
stable instrument-target

geometry; generally
unsuitable for

whole-building capture.

Sculptures, carvings,
decorative elements,

artefacts, and localized
crack or surface-detail

documentation.

Pulse/
time-of-flight (TOF)

Long measurement range,
broad spatial coverage, and

comparatively low
spurious point noise;

suitable for large interiors,
façades, and site-scale

geometry.

Typically lower
point-acquisition rate and
fine-detail resolution than

phase-shift systems;
accuracy is affected by
pulse detection, timing

electronics, signal strength,
and target reflectance.

Building-scale and
site-scale surveys, towers,

façades, interiors,
landscapes, and assets

requiring long stand-off
distances.

Phase shift

High acquisition speed and
dense point clouds at

short-to-medium range;
well suited to detailed

geometric documentation
and repeated surveys.

Range ambiguity and
generally shorter effective
range than TOF; sensitivity

to signal strength, noise,
oscillator stability,

atmospheric effects, and
reflective or dark surfaces.

Detailed façades and
interiors, masonry

geometry, deformation
mapping, and complex

architectural components.

A practical implication for cultural heritage studies is that no single scanning platform
is sufficient for all documentation and assessment tasks. TLS is preferable for high-fidelity
building-scale documentation; UAV photogrammetry or UAV-LiDAR can improve cover-
age of roofs and inaccessible upper parts; MLS and ALS are more suitable for street-scale
or urban-scale screening; and traditional monitoring instruments remain valuable for local,
high-frequency, or point-specific displacement measurements. The strongest workflows
are therefore multi-source and assessment-driven: the survey method is selected according
to the required scale, accuracy, accessibility, monitoring frequency, validation needs, and
final use of the data within HBIM, structural modelling, or conservation decision-making.

Table 4 presents a comparative synthesis of survey and monitoring methods used
in cultural heritage documentation and structural assessment. It summarizes the main
applications, advantages, limitations, and assessment suitability of TLS, UAV-based meth-
ods, MLS, ALS, and traditional monitoring techniques, highlighting that method selection
should depend on scale, required accuracy, accessibility, validation needs, and the intended
use of the data within HBIM or structural-analysis workflow [34–42].

3.3.4. Laser Scanning Integration with Other Monitoring Systems—Structural Health
Monitoring (SHM) Systems and Internet of Things (IoT)

Structural health monitoring (SHM) systems involve the use of sensors and data
acquisition technologies to assess structural condition continuously or at defined inter-
vals. Contemporary SHM architectures increasingly incorporate Internet of Things (IoT)
connectivity, enabling smart sensors to acquire, preprocess, transmit, and store measure-
ments such as strain, vibration, temperature, humidity, inclination, and crack opening for
near-real-time analysis [42].

Laser scanning and SHM provide complementary evidence. SHM systems can monitor
various parameters, such as strain, temperature, and vibration, which can indicate potential
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issues affecting the stability of a structure. The data from SHM systems can be combined
with the detailed spatial data from LiDAR and laser scanning. Their integration can
link measured strain, vibration, or environmental changes with observed deformation,
displacement, and surface damage, thereby improving diagnosis and supporting threshold-
based alerts, maintenance planning, and model updating.

Table 4. Comparative suitability of laser scanning and complementary monitoring methods for
cultural heritage documentation and structural assessment.

Method Best Suited for Main Advantages Main Limitations Suitability for
Structural Assessment

TLS

Building-scale façades,
interiors, masonry

geometry, deformation
and damage mapping

High point density,
accurate 3D geometry,

non-contact acquisition,
repeatable surveys

Occlusion, large
datasets, registration

error, access constraints,
post-processing burden

High when validated
and linked to
engineering

interpretation

UAV photogrammetry/
UAV-LiDAR

Roofs, towers, upper
façades, inaccessible

areas

Flexible acquisition,
improved coverage,
useful for visual and

geometric
documentation

Weather and flight
restrictions, variable

accuracy, limited detail
for fine cracks
depending on

resolution

Moderate to high as
complement to TLS

MLS
Street-scale heritage
documentation and

façade screening

Fast acquisition, useful
for urban portfolios
and rapid surveys

Variable point density,
positioning errors,

traffic/urban occlusion

Moderate for screening;
limited for detailed

assessment

ALS

Urban/territorial
context, terrain,

exposure and hazard
mapping

Broad spatial coverage,
useful for inventories

and terrain context

Lower detail for
individual building
damage or cracks

Low to moderate for
individual assets;
useful for context

Traditional monitoring
Crack gauges, levelling,

total stations, visual
inspection

Low-cost, targeted,
repeatable at selected

points

Sparse coverage,
manual effort, observer

dependency

High for local
measurements, limited

for full 3D geometry

In this framework, the geometric digital twin derived from scanning can be progres-
sively enriched with sensor histories, inspection records, and analytical models to form a
structural digital twin. However, effective integration requires synchronized timestamps,
stable reference systems, sensor calibration, uncertainty management, interoperable data
structures, and periodic validation of both sensor and point-cloud measurements. For
example, strain sensors can detect stress in a building’s materials, while LiDAR can capture
any resulting deformations in the structure’s geometry. This integrated approach allows
for more accurate and real time detection of stability issues, enabling response to potential
issues and proactive maintenance and repair efforts. In other words, the geometric digital
twin provided by scanners can be upgraded through modelling and health monitoring into
a structural digital twin.

3.3.5. Integration of TLS with Multi-Source Diagnostics and Structural Modelling

Several studies have been conducted recently, reviewing the role BIM can play in
CH preservation efforts. A systematic review study was conducted by Sánchez-Aparicio
et al. [1] in which previous works have been evaluated, where the 3D point cloud has
been applied for the detection of damage in historical constructions. The study revealed
a growing trend in this approach, particularly in the structural field where the TLS is the
most commonly used sensor due to its capacity of capturing reality with great density and
accuracy, allowing for the extraction of different type of damages related to the geometry
of the elements such as deflections or out-of-plane deformations. Also, the capability of 3D
point clouds to store radiometric information (i.e., in the form of intensity and/or digital
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levels) which can be utilized for detecting other types of damage (e.g., moisture or crusts)
was highlighted. Ding et al. [43] conducted a systematic literature review study aiming to
determine the application fields and development trends of BIM and architectural heritage
in China. In the work carried out by Rashdi et al. [44], scan-to-BIM methodology has
been analyzed in details, focused on the 3D point clouds of LiDAR and photogrammetry,
point-cloud processing and highlighted the importance of integrating multisource. The
study also reviewed different open BIM standards.

Li et al. [45] examined the application of 3D LiDAR in the preservation of built
heritage from a multidisciplinary perspective and provides an overview of 3D LiDAR
and its integration with other technologies, covering key trends, methods, applications,
challenges, and future technological advancements in heritage sites. Through an analysis
of existing studies on 3D LiDAR and multi-technology collaboration, the review highlights
the growing diversity in its applications and demonstrates how combining it with other
technologies can yield valuable insights when addressing specific issues.

Ascione et al. [46] followed a synergic approach to investigate the behavior of a
historical masonry building, namely the University of Sannio, Palazzo Bosco Lucarelli in
South Italy, with reference to both its structural and energy performance. The proposed
diagnosis approach has required accurate archival research and the collection of many
geometrical features. In situ surveys were also conducted to identify structural details and
to define the thermo-physical properties of the building materials. Moreover, this phase
also involved the audit of technical plant and the identification of functional zones. The
structural finite-element model, validated through dynamic in situ test results, was used to
evaluate the safety level concerning gravity loads and seismic actions as outlined by the
Italian national code.

The level of integration of TLS with other technologies, namely photogrammetry and
thermography, for the detection and characterization of building anomalies was extensively
assessed in the study conducted by Gomes and Tomé [47]. Following a literature review,
the authors suggested a methodological approach which integrates TLS, aerial digital
photogrammetry (ADP), thermography and traditional non-destructive methods aiming
to conduct visual diagnosis and mapping of pathologies of their case study building (i.e.,
Moorish Castel in Sintra, Portugal). The methodology consists of the following stages:

1. Use of traditional non-destructive techniques on a pilot zone and comparison of results
with the thermographic analysis;

2. Geometric modelling using TLS and ADP;
3. Comparison of the results obtained with aerial thermograms and with thermograms

captured more closely to the surface of the walls;
4. Visual identification of pathologies based on the point-cloud elevations obtained with

TLS and ADP, together with the inputs from the thermogram results.

In the literature, the Neoria masonry structure at the Venetian harbor of Chania
has been extensively studied [48–53]. Geometrical information about the structure were
obtained by utilizing terrestrial or aerial scanners and the existing drawings were updated
and enriched thorough new measurements which resulted to a fully three-dimensional
model with adequate details able to support structural analysis. Areas with different
material properties were analyzed and various construction materials were color coded and
further investigated by using various destructive and non-destructive testing techniques.
Finite-element models were created following an analytical investigation of structure’s
damages. The most important deteriorations of those detected were chosen to be included
in the structural model.

Furthermore, in the study, a parametric analysis was carried out to check the sensitivity
of the ultimate load due to the estimated coefficient of friction between the masonry
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stones and the number of masonry stones that make up one arch. The failure mechanism
obtained from the parametric models was correlated with the on-site observation (i.e., the
longitudinal cracks on arch). From the collapse type and the performance of the overall
two-dimensional model it was observed that the most vulnerable areas were the extreme
vaults. The finite-element models were developed on commercial platforms using the
Newton–Raphson incremental–iterative procedure to deal with the nonlinear nature of
the problem. For the structure of Neoria, which is investigated in the mentioned article,
an extended finite-element (XFEM) model [54] has been developed in Abaqus [55] to
capture the transverse cracks. It allows for cracks to be modelled independently of the
mesh, permitting the propagation of the crack along an arbitrary, solution-based path.
A simplified 3-dimensional geometry of the full structure is considered, similar to the
full structure in the traditional FEA. According to the results of this investigation, the
longitudinal cracks, which were observed on the conventional finite-element analysis with
similar load conditions, are also observed under the extended finite-element model. In
addition, analysis results indicate that the existing longitudinal cracks do not propagate.
However, further future investigation needs to be conducted in order to provide more
details for the interaction between longitudinal and transverse cracks and the influence of
their interaction on the structural response.

3.4. TLS-BIM/HBIM Integration for Heritage Buildings: A Literature Synthesis

Table 5 summarizes the explicit methodological use of selected technologies across
the 161 studies. Because the matrix does not itself capture workflow sequence, validation,
barriers, or integration maturity, these dimensions were examined through a separate
qualitative full-text coding process described below. Columns 3–14 represent selected
methods and technologies identified as recurring components of the reviewed studies and
their associated workflows.

To enhance coding reliability, all studies were re-examined using predefined oper-
ational criteria for each category in Table 5. An “X” was assigned only when the corre-
sponding method or technology was explicitly reported in the full text, particularly in the
methodology, workflow, or results sections. Following this consistency check, the matrix
was revised to correct coding errors and resolve ambiguous cases.

As the coding was conducted by a single reviewer, inter-reviewer reliability could not
be assessed; this is acknowledged as a limitation of the review.

Building on this coding framework, the following synthesis interprets the evidence in
Table 5 in direct relation to the four research questions. First, it examines the end-to-end
TLS–BIM/HBIM workflows reported for cultural heritage documentation, monitoring,
and structural assessment (Q1). Second, it considers the assessment objectives supported
by these workflows and the extent to which their outputs were validated (Q2). Third, it
identifies the principal technical, methodological, and operational barriers affecting imple-
mentation and wider adoption (Q3). Finally, it evaluates how complementary technologies
and data sources, including photogrammetry, UAV-based methods, ALS/MLS, street-level
imagery, sensor data, GIS, and InSAR, are used alongside TLS–BIM/HBIM to support
multi-scale heritage documentation, monitoring, and assessment (Q4).

The analysis therefore moves beyond reporting the frequency of individual technolo-
gies and focuses on how they are combined within assessment-oriented workflows, what
outputs they produce, and where methodological limitations remain. Particular attention
is given to validation, since the presence of TLS, BIM, or HBIM within a study does not
by itself demonstrate that the resulting geometric, semantic, or structural outputs are
sufficiently reliable for assessment-grade use.

https://doi.org/10.3390/buildings16153066

https://doi.org/10.3390/buildings16153066


Buildings 2026, 16, 3066 19 of 43

Table 5. Comparative matrix of the included studies.

Ref: Year
Laser

Scanning/
TLS

Photogrammetry/
SfM

UAV/
UAS

Point
Cloud

Scan-to-
BIM/

HBIM
Digital
Twin

GIS/
Geospa-

tial
NDT GPR

Infrared
Ther-

mogra-
phy

ML/AI/
Segmentation

VR/AR/
Immer-

sive
IoT

Damage/
Decay
Map-
ping

[56] 2022 X X X X

[57] 2025 X X X X

[58] 2025 X X X

[59] 2019 X

[60] 2022 X

[61] 2025 X X X

[62] 2025 X X

[63] 2021 X X X X X

[64] 2020 X X X X

[65] 2017 X X X X

[66] 2018 X X X

[67] 2019 X X X

[68] 2025 X X X X X X

[69] 2022 X X X X

[70] 2022 X X X X X

[71] 2024 X X X X X X X

[72] 2026 X X X X X X X X X

[73] 2020 X X X X

[74] 2021 X X X

[75] 2021 X X X

[76] 2024 X X X X

[77] 2025 X X

[78] 2015 X X X

[79] 2024 X X

[80] 2019 X X X X

[81] 2025 X X X X

[82] 2026 X X X X
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Table 5. Cont.

Ref: Year
Laser

Scanning/
TLS

Photogrammetry/
SfM

UAV/
UAS

Point
Cloud

Scan-to-
BIM/

HBIM
Digital
Twin

GIS/
Geospa-

tial
NDT GPR

Infrared
Ther-

mogra-
phy

ML/AI/
Segmentation

VR/AR/
Immer-

sive
IoT

Damage/
Decay
Map-
ping

[83] 2019 X X

[84] 2017 X X

[85] 2018 X X X

[86] 2023 X X X

[87] 2025 X X

[88] 2025 X X X X X X

[89] 2024 X X X X

[90] 2019 X X X

[91] 2017 X X X

[92] 2025 X

[93] 2025 X X X X X

[94] 2026 X X X X X X X

[95] 2017 X X

[96] 2025 X X X

[97] 2017 X X X X

[98] 2024

[99] 2026 X X X X X X X

[100] 2025 X X X X X

[101] 2026 X X X X

[102] 2023 X X X

[103] 2021 X X X

[104] 2024 X X

[105] 2019 X X

[106] 2025 X X X X X

[107] 2024 X X X

[108] 2020 X X

[109] 2017 X X X X X
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Table 5. Cont.

Ref: Year
Laser

Scanning/
TLS

Photogrammetry/
SfM

UAV/
UAS

Point
Cloud

Scan-to-
BIM/

HBIM
Digital
Twin

GIS/
Geospa-

tial
NDT GPR

Infrared
Ther-

mogra-
phy

ML/AI/
Segmentation

VR/AR/
Immer-

sive
IoT

Damage/
Decay
Map-
ping

[110] 2012 X X X

[111] 2013 X X

[112] 2013 X X

[113] 2015 X X

[114] 2026 X X X

[115] 2022 X X X

[116] 2021 X X

[117] 2017 X

[118] 2025 X X X X X

[119] 2023 X X X X

[120] 2020 X X X X X X

[121] 2017 X X

[122] 2024 X X X X X

[123] 2017 X X X

[124] 2013 X X X X

[125] 2013 X X X

[126] 2023 X X X X

[127] 2024 X X X X X X X

[128] 2024 X X X X X X X

[129] 2021 X X X X X X

[130] 2023 X X X

[131] 2022 X

[132] 2024 X X X X

[133] 2023 X

[134] 2023 X X X X

[135] 2023 X X

[136] 2018 X X

[137] 2025 X X X
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Table 5. Cont.

Ref: Year
Laser

Scanning/
TLS

Photogrammetry/
SfM

UAV/
UAS

Point
Cloud

Scan-to-
BIM/

HBIM
Digital
Twin

GIS/
Geospa-

tial
NDT GPR

Infrared
Ther-

mogra-
phy

ML/AI/
Segmentation

VR/AR/
Immer-

sive
IoT

Damage/
Decay
Map-
ping

[138] 2024 X X X

[139] 2025 X X X X X X

[140] 2025 X X X

[141] 2024 X X X X

[142] 2021 X X X

[143] 2023 X X X X

[144] 2023 X

[145] 2025 X X

[146] 2020 X X X X

[147] 2024 X X X X X

[148] 2020 X X X X

[149] 2020 X X X

[150] 2021 X X X X X

[151] 2022 X

[152] 2025 X X

[153] 2025 X X X

[154] 2019 X X X

[155] 2022 X X X

[156] 2023 X X

[157] 2023 X X X X X

[158] 2020 X X X X X X

[159] 2023 X X X X

[160] 2024 X X X X X

[161] 2025 X X X X

[162] 2025 X X X X

[163] 2023 X X

[164] 2025 X X X X

[165] 2017 X X X X
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Table 5. Cont.

Ref: Year
Laser

Scanning/
TLS

Photogrammetry/
SfM

UAV/
UAS

Point
Cloud

Scan-to-
BIM/

HBIM
Digital
Twin

GIS/
Geospa-

tial
NDT GPR

Infrared
Ther-

mogra-
phy

ML/AI/
Segmentation

VR/AR/
Immer-

sive
IoT

Damage/
Decay
Map-
ping

[166] 2022 X

[167] 2024 X

[168] 2020 X X X

[169] 2022 X X X X X X

[170] 2019 X X X X

[171] 2023 X X X X

[172] 2025 X X X X X X

[173] 2018 X X

[174] 2024 X X

[175] 2025 X

[176] 2019 X X X

[177] 2023 X

[178] 2025 X X

[179] 2019 X X X X

[180] 2019 X X X

[181] 2023 X

[182] 2022 X

[183] 2025 X X X X

[184] 2018 X

[185] 2018 X X

[186] 2019 X X X

[187] 2021

[188] 2021 X

[189] 2022 X X X

[190] 2025 X X X X X

[191] 2020 X X X X X X X X

[192] 2019 X X

[193] 2025 X X
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Table 5. Cont.

Ref: Year
Laser

Scanning/
TLS

Photogrammetry/
SfM

UAV/
UAS

Point
Cloud

Scan-to-
BIM/

HBIM
Digital
Twin

GIS/
Geospa-

tial
NDT GPR

Infrared
Ther-

mogra-
phy

ML/AI/
Segmentation

VR/AR/
Immer-

sive
IoT

Damage/
Decay
Map-
ping

[194] 2025 X X X X X

[195] 2019 X X X

[196] 2024 X

[197] 2024 X X

[198] 2018 X X X

[199] 2026 X X X X

[200] 2017 X X X X

[201] 2021 X X X

[202] 2025 X X X X

[203] 2017 X X X

[204] 2023 X X

[205] 2024 X X

[206] 2025 X X

[207] 2024 X X X X

[208] 2026 X X X X

[209] 2018 X X X

[210] 2025 X X X X X X

[211] 2017 X

[212] 2026 X X X X

[213] 2025 X X X

[214] 2025 X X X

[215] 2026 X X X X X X X

[216] 2023 X X X
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3.4.1. End-to-End TLS–BIM/HBIM Workflows (Q1)

The reviewed literature workflows generally follow a sequence from data acquisition
to information-based assessment, although not all studies implement every stage. The
principal stages include survey planning and TLS acquisition, point-cloud registration and
processing, segmentation or structural-element recognition, HBIM generation, semantic
enrichment, condition or damage mapping, and preparation of outputs for monitoring,
conservation planning, or structural analysis. The strongest workflows preserve the rela-
tionship between the original point cloud, derived geometry, semantic objects, diagnostic
evidence, and subsequent analytical models, rather than treating the HBIM model as an
isolated final product.

The development of TLS–BIM/HBIM workflows builds on a substantial body of
research on historic building information modelling, scan-to-HBIM procedures, and point-
cloud-based semantic modelling. Early works introduced HBIM as a method for adding
intelligence to laser- and image-based surveys of historic architecture, while later studies
and guidelines further formalized HBIM procedures for architectural heritage documen-
tation and information management [217–219]. Subsequent reviews have consolidated
the field by examining heritage building information modelling, the integration of HBIM
with other information techniques, and the role of complementary technologies in heritage-
building workflows [220–222]. Within this development, TLS and point-cloud data have
become central to the production of geometrically accurate, semantically enriched, and
assessment-oriented HBIM models, although challenges remain regarding point-cloud
operability, semantic structuring, interoperability, and the translation of survey data into
usable conservation or assessment outputs [223–225].

The reviewed corpus does not reveal a single universally standardized workflow.
Instead, it shows a family of related pipelines that share seven recurring stages: pur-
pose definition, controlled acquisition, point-cloud processing, geometric reconstruction,
semantic enrichment, assessment, and validation/update [144].

Projects first define the intended use, acceptable tolerance, scan density, coordinate
reference, Level of Detail/Level of Information Need, and final deliverables. Purpose is
critical because a documentation model, a deterioration map and a finite-element model re-
quire different abstractions. Banfi (2019) [80] formalized this through Grades of Generation
and Grades of Accuracy, while in their study, Santagati et al. [186] emphasized modelling
tolerance for ruined and deformed heritage.

Static TLS is normally the principal metric source for visible façades, interiors and
structural elements. Total stations or GNSS provide control and georeferencing; UAV
photogrammetry fills roof and upper-façade gaps; close-range photography improves
texture; and mobile/handheld scanning accelerates interiors. Integrated examples include
the Zee Ain village workflow [63], the Old Great North Road workflow [82], and the TLS-
UAV wooden-church workflow of Bac-Bronowicz, Piech, and Wojciechowska (2026) [72].

Scans are registered, georeferenced, denoised and cropped. Point clouds may then
be segmented into architectural classes, converted to meshes, or retained as evidential
reference layers. The segmentation bottleneck is widely documented: manual interpretation
remains dominant, although CANUPO, Random Forest and deep-learning approaches
have been tested [89,103,150].

Four strategies recur: manual object creation; semi-automatic fitting of planes, profiles,
primitives or NURBS; AI-assisted classification followed by model propagation; and hybrid
point-cloud/mesh/parametric representation. Andriasyan et al. (2020) [64] automated
conversion through Rhino-Grasshopper-ArchiCAD, while in [102] they used bidirectional
Rhino-Grasshopper-Revit exchange, and in [103] they combined Random Forest segmenta-
tion with template propagation.
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HBIM objects are linked to material, chronology, construction technique, pathology,
crack, intervention history, photographs, archival evidence, structural role and uncer-
tainty [71]. Aricò et al. (2024) [58] created a BIM-based decay abacus; and Dudzińska
and Borkowski (2026) [114] explicitly recorded evidence source and uncertainty for recon-
structed components.

Documentation workflows produce drawings, inventories and information repos-
itories. Monitoring workflows compare repeat surveys or compare measured clouds
with reference geometry. Structural workflows simplify point-cloud-derived geometry
and transfer it to FEM environments; examples include CLOUD2FEM for an earthquake-
damaged fortress [84], HBIM-to-FEM modelling of a parabolic concrete vault [56,202], and
the broader survey-to-FEA review by Turchetti et al. (2025) [202].

Outputs are checked using registration residuals, control points, cloud-to-model
deviations, independent measurements, expert inspection, diagnostic tests or structural
calibration. The strongest workflows also define future re-survey and update procedures,
whereas many papers stop after one-off model production [147].

3.4.2. Assessment Objectives and Validation Practices (Q2)

The reviewed studies use TLS–BIM/HBIM workflows for several related but distinct
assessment objectives, including geometric documentation, HBIM generation, condition
and pathology mapping, deformation monitoring, crack and damage identification, restora-
tion and maintenance planning, historical reconstruction, and structural-analysis model
preparation. These objectives impose different accuracy and validation requirements. A
workflow suitable for visual documentation, for example, may not provide sufficient ev-
idence for deformation measurement or structural-model preparation. Validation must
therefore be interpreted in relation to the intended output rather than as a single generic
measure of model quality.

Geometric documentation and HBIM generation:

The most frequent objective is production of plans, elevations, sections, inventories,
as-is models and searchable databases. Validation includes registration residuals, con-
trol/check points, dimensional checks and cloud-to-model deviations. Al-Bayari and
Shatnawi (2022) [60] reported a mean error of 0.61 cm and standard deviation of 0.75 cm;
Bac-Bronowicz et al. (2026) [72] reported 0.8–3.2 cm differences between UAV-only and
integrated reconstructions, while correctly framing them as internal consistency rather than
independent absolute accuracy.

Condition and building pathology mapping:

Workflows map moisture, biological growth, surface loss, detachment, corrosion,
discoloration and missing components. TLS supplies metric location, while high-resolution
imagery support interpretation. Aricò et al. (2024) [71] and Nieto-Julián et al. (2025)
159 demonstrate progressively richer decay, crack and intervention mapping. Validation is
commonly expert-led, using field inspection, photographs, thermography or conservation
records [31].

Deformation and displacement monitoring:

Objectives include wall inclination, floor/ceiling deformation, vault distortion, set-
tlement and temporal change. Yaagoubi and Miky (2018) [209] compared measured point
clouds against an idealized BIM and reported distortions up to 22 cm. Moyano et al.
(2022) [149] compared Dynamo-based deformation analysis with CloudCompare and re-
ported worst-case differences of roughly 0.5–1.17 cm.
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Crack and damage identification:

HBIM stores crack position, orientation, width, chronology and association with prior
repairs. Nieto-Julián et al. (2025) [160] integrated TLS, UAV data and archival imagery for
expert-validated crack and deterioration mapping. AI-assisted methods remain promising
but require contextual oversight because surface reflectance, texture and shadow can be
confused with genuine defects [89,128].

Restoration and maintenance planning:

HBIM supports quantity estimation, treatment assignment, maintenance prioritization
and documentation of interventions. Cuperschmid et al. [105] integrated pathology records
into the Glass House HBIM; Ciuffreda et al. (2024) [98] linked diagnostic data, structural
assessment and maintenance planning; and Sarıcaoğlu and Saygı (2022) used a data-
enriched NURBS/HBIM workflow for conservation decisions at an archeological site [189].

Structural-analysis model preparation:

TLS-derived geometry is converted into beam, shell or solid models for static, dynamic
and seismic analyses. Bitelli et al. (2018) [84] applied CLOUD2FEM to an earthquake-
damaged fortress; Abbate et al. (2022) [56] compared alternative representations for a
parabolic vault; and del Rio et al. (2020) [108] linked bridge HBIM, deterioration records
and FEM-oriented information. Validation is much less common than geometric checking
and may use observed damage, material tests, modal data or sensitivity analyses.

Historical reconstruction:

Current geometry is combined with archival photography, drawings and analogies.
Dzwierzynska and Prokop (2022) [115] directly compared photograph-based and TLS-
based reconstruction; Borkowski and Winiarska (2025) [87] reconstructed a demolished
villa from LiDAR, surviving components and archives; and Dudzińska and Borkowski
(2026) [114] separated surveyed, inferred and hypothetical components through provenance
and uncertainty metadata.

3.4.3. Technical, Methodological, and Operational Barriers (Q3)

Despite major advances in data acquisition and modelling, the main barriers occur after
point-cloud generation. These include incomplete coverage and occlusion, complex and
deteriorated geometries, large datasets, manual or semi-manual reconstruction, uncertain
modelling tolerances, limited automation, interoperability losses, weak validation practices,
specialist skill requirements, and insufficient planning for long-term model maintenance.
The central challenge is therefore not simply to acquire dense geometric data, but to
convert heterogeneous evidence into a semantically coherent, validated, interoperable, and
maintainable assessment system.

Technical barriers:

Occlusion and incomplete coverage; complex or deteriorated geometry; large datasets;
predominantly manual reconstruction; limited AI transferability; incompatible file formats;
loss of semantics and geometry during exchange; and weak native support for hybrid
point-cloud, mesh and parametric data. These issues are consistently reported by Croce
et al. (2023) [103], Gil et al. (2024) [128] and Turchetti et al. (2025) [202].

Methodological barriers:

No universal heritage-specific standards exist for Level-of-Detail/Level-of-Interest,
modelling tolerance, pathology classification, uncertainty or validation. Studies also differ
in whether deviations are treated as noise or as evidence of structural history. Santagati
et al. [185] emphasize that deformation may be diagnostically meaningful, while Kuruc
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et al. (2024) [138] show how generalization can become modelling error if procurement
requirements are unclear.

Validation and reproducibility barriers:

Many studies report manufacturer specifications or visual correspondence rather than
project-specific independent checks. Closed-source routines, undocumented parameters
and inconsistent metrics make replication difficult. Bac-Bronowicz et al. (2026) explicitly
distinguish internal consistency from absolute accuracy, illustrating the need for clearer
reporting [72].

Operational and institutional barriers:

Equipment, software, computing, storage, specialist labor, repeat surveys and long-
term maintenance are costly. Effective implementation requires geomatics, conservation,
architecture, structural engineering, database and programming expertise. Fragmented
professional roles and poorly specified procurement often create isolated deliverables rather
than shared lifecycle systems [144].

3.4.4. Complementary Data Sources and Multi-Scale Integration (Q4)

TLS functions most effectively as the high-accuracy, building-scale metric backbone of
a broader multi-source system. Complementary technologies contribute different evidence
types: photogrammetry provides high-resolution texture and orthophotos; UAV and ALS
improve coverage of roofs, upper façades, sites, and surrounding terrain; MLS supports
rapid street-scale acquisition; non-destructive testing provides information on concealed
material conditions; monitoring sensors capture temporal behavior; GIS/HGIS and InSAR
provide territorial context; archival records support historical reconstruction; and immer-
sive tools facilitate interpretation, consultation, and field-based updating. The value of
integration therefore lies not in replacing TLS, but in combining data sources according to
scale, accessibility, temporal frequency, and assessment objective.

Photogrammetry:

On the one hand, close-range and terrestrial photogrammetry adds high-resolution
texture, paintings and fine surface detail. TLS provides robust geometry; photogrammetry
improves radiometric interpretation and pathology mapping [63,168]. On the other hand,
UAV photogrammetry and UAV LiDAR extends coverage to roofs, towers, domes, difficult
terrain and large sites. UAV data should complement rather than replace TLS, filling
shadow zones and adding site context [119,210].

Mobile, personal and handheld laser scanning:

This enables rapid interiors and circulation-space capture but may suffer trajectory
drift and lower absolute accuracy. Integrated static TLS/HMLS workflows balance speed
and precision [171].

ALS, street-level imagery and mobile mapping:

ALS links buildings to terrain and landscape hazards; street-level and 360-degree
systems provide rapid visual inventories. Matterport-type data can support lower-tolerance
geometry or fill limited gaps, although TLS remains the stronger metric reference [145].

Thermography, and other NDT methods:

Infrared, GPR, ultrasonic and related NDT methods reveal moisture, material dif-
ferences, delamination, voids and hidden structural conditions. Solla et al. (2020) [191]
integrated TLS, UAV, thermography and GPR in BIM. The need for common quantitative
diagnostic protocols was highlighted and identified in [4].

https://doi.org/10.3390/buildings16153066

https://doi.org/10.3390/buildings16153066


Buildings 2026, 16, 3066 29 of 43

Structural and environmental sensors:

Accelerometers, tiltmeters, crack meters, strain gauges, temperature and humidity
sensors enable continuous monitoring, threshold alerts and FEM calibration. Mazzetto
(2024) [147] frames this as a shift from reactive documentation to preventive
digital-twin conservation.

GIS and HGIS:

This connects component and building information with urban, cadastral, territorial,
landscape and hazard data. Baik et al. [78] integrated JHBIM with 3D GIS; Fernandez
Dionizio et al. (2025) exported HBIM through IFC into an HGIS geodatabase for multi-scale
conservation.

AR, VR and immersive interfaces:

This supports remote consultation, public interpretation, on-site annotation and field-
to-HBIM feedback. Bounouioua et al. (2025) [88] linked AI-assisted HBIM and VR; Clini
et al. (2026) [99] used AR-oriented workflows for inspection and updating.

Satellite InSAR:

InSAR is underrepresented in the uploaded corpus but can screen wide-area sub-
sidence, slope instability and slow ground deformation. It is a territorial prioritization
tool rather than a substitute for building-scale TLS. A defensible multi-scale hierarchy is:
InSAR/ALS for regional screening → UAV/mobile mapping for site context → static TLS
for detailed geometry → imaging/NDT for component diagnosis → sensors for continuous
monitoring → HBIM/HGIS for integration.

3.5. Knowledge Gaps and Future Research Directions

Although TLS–BIM/HBIM workflows have advanced considerably in cultural heritage
documentation, several gaps continue to limit their use in assessment-oriented practice.
A first priority is the development of standardized validation protocols. The reviewed
literature applies heterogeneous accuracy indicators, registration measures, modelling tol-
erances, and comparison procedures, making it difficult to compare results across studies or
determine whether an output is suitable for documentation, deformation monitoring, dam-
age mapping, or structural analysis. Future research should therefore define task-specific
validation criteria covering point-cloud accuracy, registration quality, geometric model
fidelity, HBIM representation, damage-detection performance, and structural-model cali-
bration. Validation should also include independent measurements and explicit reporting
of uncertainty wherever possible.

A second gap concerns the semantic enrichment of HBIM. While point clouds can
capture complex heritage geometry in considerable detail, the conversion of geometric
data into meaningful architectural, material, pathological, and structural information
remains largely manual or semi-automated. Future HBIM environments should support
more consistent representation of irregular masonry, construction phases, material decay,
cracks, deformations, previous interventions, and structural relationships. This will require
improved ontologies, controlled vocabularies, heritage-specific object libraries, and more
reliable links between geometric objects and diagnostic evidence.

Automated damage detection also remains an important research frontier. Machine-
learning and computer-vision methods show potential for identifying cracks, surface loss,
displacement, moisture-related deterioration, and other visible pathologies from point
clouds and images. However, their performance is often affected by limited training
datasets, inconsistent annotation, surface texture, lighting, occlusion, and variations in
construction materials. Future studies should develop openly available, expert-validated
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heritage datasets and evaluate automated methods across different building types and dam-
age conditions. Human-in-the-loop approaches may be particularly valuable, combining
algorithmic screening with specialist verification.

Another major challenge is the integration of HBIM with structural-analysis models.
TLS-derived HBIM can provide detailed geometry and condition information, but struc-
tural models require simplification, idealization, material properties, boundary conditions,
connection assumptions, and load definitions. The transfer from HBIM to finite-element or
other analytical environments is therefore not automatic and may introduce substantial
uncertainty. Future research should develop transparent workflows for converting geo-
metric and semantic information into analysis-ready models, while preserving traceability
between the point cloud, HBIM elements, modelling assumptions, and structural results.

Uncertainty propagation should be addressed throughout the complete workflow.
Errors may arise during acquisition, registration, filtering, segmentation, geometric re-
construction, semantic classification, damage interpretation, and structural idealization.
These uncertainties are frequently considered independently, although they can accumulate
and influence the final assessment. Future studies should quantify how uncertainty is
transferred between workflow stages and examine how it affects structural indicators, moni-
toring thresholds, and conservation decisions. Probabilistic or sensitivity-based approaches
may provide a more transparent basis for evaluating the reliability of assessment outcomes.

Multi-source data fusion represents another important direction. TLS can provide de-
tailed building-scale geometry, but complementary sources such as photogrammetry, UAV
imagery, UAV-LiDAR, MLS, ALS, InSAR, environmental sensors, non-destructive testing,
archival records, and crowdsourced observations provide different spatial, temporal, and
diagnostic information. Future research should move beyond the simple co-occurrence
of technologies and demonstrate genuine integration through co-registration, common
reference systems, interoperable data structures, and coordinated interpretation. Such
integration would allow heritage assessment to connect territorial screening, building-scale
documentation, local damage diagnosis, and long-term monitoring.

Finally, the practical adoption of TLS–BIM/HBIM by heritage authorities remains lim-
ited by cost, technical expertise, software dependence, data volume, unclear responsibilities,
and the absence of long-term information-management strategies. Future research should
therefore evaluate not only technical feasibility but also organizational implementation.
Future HBIM research should also strengthen the connection between digital heritage docu-
mentation and broader sustainability objectives, including low-carbon renovation, material
reuse, circular-economy strategies, and the reconciliation of heritage preservation with
energy-transition goals [226,227]. Priority should be given to simplified workflows, open
data formats, scalable levels of detail, model-maintenance protocols, staff training, and
decision-support interfaces suited to conservation agencies and local authorities. Demon-
stration projects should assess whether the proposed systems improve inspection planning,
intervention prioritization, maintenance scheduling, and communication among engineers,
architects, conservators, archeologists, and public authorities.

Overall, future progress depends on moving from isolated digital documentation
exercises toward validated, interoperable, and maintainable assessment systems. The
main research challenge is no longer only the production of detailed three-dimensional
models, but the transformation of heterogeneous survey and diagnostic data into reliable
information that can support structural assessment and conservation decision-making.

4. Conclusions
In conclusion, this paper has explored different approaches to heritage-asset preser-

vation, emphasizing the critical role of crowdsourcing and the integration of advanced
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technologies such as laser scanning and the integration with BIM, to support cultural
heritage documentation, monitoring, and seismic-risk-relevant assessment.

Overall, the evidence indicates that TLS–BIM/HBIM workflows are evolving from
static geometric documentation toward integrated systems for condition assessment, moni-
toring, structural-model preparation, and conservation management. However, workflow
maturity remains uneven. Acquisition and geometric reconstruction are comparatively
well established, whereas semantic automation, independent validation, interoperabil-
ity, uncertainty propagation, and structural-model verification remain less consistently
developed. The most robust approaches are hybrid and purpose-driven, retaining point
clouds, meshes, parametric objects, images, diagnostic records, sensor data, and numerical
models according to their respective functions rather than forcing all information into a
single representation.

Q1 (workflows): The literature consistently reports an end-to-end pipeline consisting
of (i) acquisition planning and multi-station scanning, (ii) registration, cleaning, and quality
control of point clouds, (iii) scan-to-BIM/HBIM modelling, and (iv) semantic enrichment
to enable traceable, updateable digital twins for heritage assets.

Q2 (assessment objectives and validation): Reported assessment objectives concentrate
on condition/pathology documentation, deformation/change detection from repeat sur-
veys, and the extraction of geometry suitable for structural interpretation. While many stud-
ies demonstrate geometric accuracy, validation is less consistently reported for assessment-
grade outputs (e.g., repeatability of change metrics, thresholds for crack/deformation
proxies, and independent verification of detected damage).

Q3 (technical barriers): The principal barriers to operational adoption remain as lim-
ited automation from point clouds to semantically rich HBIM objects, interoperability
constraints across platforms/standards, and insufficient reporting of uncertainty propaga-
tion from acquisition and registration through to derived assessment indicators.

Q4 (multi-scale integration): A key operational pattern emerging from the literature is
a multi-scale strategy in which portfolio-scale screening (street-level imagery and/or InSAR
deformation trends) is used to prioritize assets and identify hotspots, followed by asset-
scale diagnosis using TLS/UAV geometry, with results consolidated within BIM/HBIM for
prioritization, intervention planning, and long-term monitoring.

Priority directions for future work include: (1) benchmarked automation for scan-
to-HBIM object generation, (2) standardized validation and uncertainty reporting for
registration and change detection, (3) heritage-specific semantic libraries and interoperabil-
ity pathways and (4) operational multi-sensor fusion workflows linking InSAR/UAV/TLS
observations to BIM/HBIM for pre- and post-event seismic decision support.
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Historical Building Assessment. Civ. Eng. J. 2018, 4. 1565. [CrossRef]
225. Moyano, J.; Nieto-Julián, J.E.; Lenin, L.M.; Bruno, S. Operability of Point Cloud Data in an Architectural Heritage Information

Model. Int. J. Arch. Herit. 2021, 16, 1588–1607. [CrossRef]
226. Gordon, M.; von Zimmerman, L.; Haradhun, O.; Campanella, D.; Bräutigam, M.; De Wolf, C. Digitising Building Materials for

Reuse with Reality Capture and Scan-to-BIM Technologies. In A Circular Built Environment in the Digital Age Circular Economy and
Sustainability; De Wolf, C., Çetin, S., Bocken, N.M.P., Eds.; Springer: Cham, Switzerland, 2024. [CrossRef]

227. Franco, G.; Mauri, S. Reconciling Heritage Buildings’ Preservation with Energy Transition Goals: Insights from an Italian Case
Study. Sustainability 2024, 16, 712. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/buildings16153066

https://doi.org/10.5194/isprs-annals-X-1-W1-2023-247-2023
https://doi.org/10.5194/isprs-archives-XLII-2-W5-539-2017
https://doi.org/10.1108/02630800910985108
https://doi.org/10.1016/J.ISPRSJPRS.2012.11.006
https://doi.org/10.3390/mti2020021
https://doi.org/10.1016/j.culher.2020.05.008
https://doi.org/10.1016/j.rineng.2024.102192
https://doi.org/10.5194/isprsarchives-XL-5-W4-367-2015
https://doi.org/10.28991/cej-0309195
https://doi.org/10.1080/15583058.2021.1900951
https://doi.org/10.1007/978-3-031-39675-5_3
https://doi.org/10.3390/su16020712
https://doi.org/10.3390/buildings16153066

	Introduction 
	Materials and Methods 
	Data Sources and Data Collection Methodology 
	Evolution of Studies per Year 
	Keywords Collaboration-Network 
	Q1–Q4 Methodological Mapping Table 

	Similar Works and Positioning 

	Results and Discussion 
	Crowdsourcing for Preliminary Inventory, Participatory Mapping, and Rapid Screening 
	Complementary Remote-Sensing and Image-Based Data Sources for Multi-Scale Heritage Monitoring 
	Building Stability Monitoring and Utilization of Laser Scanning Technologies 
	Traditional Methods of Stability Monitoring 
	Advancements in Monitoring Techniques 
	Suitability of Laser Scanning Technologies for Heritage-Asset Monitoring and Structural Assessment 
	Laser Scanning Integration with Other Monitoring Systems—Structural Health Monitoring (SHM) Systems and Internet of Things (IoT) 
	Integration of TLS with Multi-Source Diagnostics and Structural Modelling 

	TLS-BIM/HBIM Integration for Heritage Buildings: A Literature Synthesis 
	End-to-End TLS–BIM/HBIM Workflows (Q1) 
	Assessment Objectives and Validation Practices (Q2) 
	Technical, Methodological, and Operational Barriers (Q3) 
	Complementary Data Sources and Multi-Scale Integration (Q4) 

	Knowledge Gaps and Future Research Directions 

	Conclusions 
	References

