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Abstract: Cultural heritage (CH) sites and monuments share significant historical and cul-
tural value, but at the same time, these are highly vulnerable to deterioration due to age,
construction methods, and materials used. Therefore, stability studies for CH structures
through numerical analyses allow researchers and stakeholders to safeguard them against
time and exposure to hazards. To obtain reliable results for stability studies, detailed and
accurate geometric documentation is needed prior to any modeling or simulation. In this
context, geomatics technologies like LIDAR and photogrammetry can offer great support
in documenting their structural integrity, providing efficient, non-invasive data collection
methods that generate 3D point clouds. Nevertheless, despite the benefits, geomatic meth-
ods remain underutilized in structural engineering due to limitations in converting 3D
point clouds directly for use in finite element modeling (FEM) analysis. The paper aims to
review current approaches for the generation of FE models for structural analysis employ-
ing data obtained from 3D digital surveys. Each approach is described in detail, providing
examples from literature and highlighting its advantages and disadvantages. Studies
show that analysis accuracy depends strongly on point cloud level of detail, underlining
the importance of precise geomatic surveys. Emerging workflows and semi-automated
methods enable point clouds to be integrated with BIM (building information modeling)
and FEM, thereby enhancing the contribution that laser scanning techniques and 3D mod-
eling provide for the analysis of the stability of structures belonging to cultural heritage.

Keywords: point cloud; cultural heritage; FEM; 3D modeling; BIM

1. Introduction

Nowadays, the preservation and maintenance of cultural heritage (CH) buildings
and monuments is critical, especially in countries exposed to seismic risk. These structures
are particularly vulnerable due to their age, construction techniques, past restoration or
structural modifications, and materials [1]. When disasters strike CHs, the damage often
extends beyond physical destruction, resulting in the loss of artistic and historical mate-
rials and an intangible loss of memory for the communities connected to that heritage.
Preserving these structures not only protects their aesthetic and historical value but also
sustains the identity and continuity of communities.

Over the past years, there have been remarkable advancements in documenting the
structural integrity of CH structures. When structural aspects are involved in the
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conservation of the building, specific numerical analyses must be performed that involve
the development of three-dimensional models. In numerical simulation studies, the struc-
tural response of a historical building is usually investigated with respect to several load
conditions (e.g., horizontal movements induced by earthquakes, etc.) that are probable to
affect the structure. Due to the intricate and complex geometry that usually characterizes
CH buildings, the structural analysis of these structures is challenging. This process is
further complicated by the lack of archive documents with information on geometry and
materials, as engineers must rely on non-invasive methods and educated assumptions.

Since the early 2000s, architects and engineers have increasingly relied on laser scan-
ning technology (also known as LiDAR, which stands for Light Detection and Ranging)
for the design, the management, and the monitoring of projects [2]. Geomatics techniques
like LiDAR and photogrammetry offer the advantage of rapidly capturing data remotely
about the geometry and current condition of the surveyed objects. The final output is the
creation of a point cloud that represents the very first version of a three-dimensional dig-
ital twin of the object. These technologies are particularly valuable for geomatic documen-
tation of architecture and built cultural heritage in general, creating models that help pre-
serve their design for future generations, and in structural engineering for assessing the
condition of existing structures, enabling engineers and architects to perform detailed
analyses without physical contact.

Despite their potential, geomatic technologies are still underutilized in structural en-
gineering research, and the direct exploitation of point clouds for structural purposes re-
mains very limited [3-6]. The current standard process involves manually creating CAD
(computer-aided design) solid models from the point clouds and then discretizing these
models with solid finite elements (FEs). Thus, these models usually derive from a manual re-
modeling process performed by the user. This manual process is prone to errors and aims at
simplifying complex geometries, which can further affect the fidelity of the models [7].

Significant advancements in automated 3D mesh model generation from point
clouds contributed to the reduction of reliance on manual interventions, with numerous
commercial tools now available that can automate the meshing process for a variety of
geometries. However, as things stand at present, no single software exists that can seam-
lessly manage the entire process from geomatics survey to modeling and subsequent
transformation into an object usable in finite element modeling (FEM) applications. The
graphics data exchange standards used in reverse modeling [8] differ from those of com-
mon FEM software, complicating the integration of these technologies. From a structural
perspective, point clouds, which consist of numerous discrete points defined by three-
dimensional coordinates, cannot be directly (re)used for numerical analyses. To utilize the
geometric data derived from 3D laser scanning effectively, it is necessary to convert the
point cloud into a continuum model [9]. This gap underscores the role of high-quality
geomatics surveying in constructing precise 3D models. The higher the quality and detail
with which a point cloud is built, the more suitable it will be for implementation within
FEM software, resulting in more reliable structural analyses [10].

In Giaccone et al. [11], the authors demonstrated that analysis results are strongly
dependent on the level of geometric detail of the digital model. They tested an existing
column, belonging to a monumental fountain. The column was modeled in five different
ways, from “stylized” to extremely “detailed”, modeling also cracks. The comparison
among these models was carried out by performing static and dynamic analyses. They
verified that a “stylized” model generates wrong estimations in terms of volume, mass,
stress values and patches, and modal shapes, concluding that a “detailed” model is to be
preferred. Likewise, in the work of Anton et al. [12], the authors highlight the importance
of accurate and detailed modeling for CH architecture preservation. Having performed
numerical simulations on three models with different levels of geometrical details
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(specifically: ideal model, simplified model, and as-built model), they found remarkable
differences in the responses of the models in terms of stress and displacement. Only re-
mote sensing techniques allow to achieve the necessary level of geometric accuracy.

Several point cloud-based workflows for BIM (building information modeling) and
FE modeling of historic buildings have been developed recently, exploiting either auto-
matic or semi-automatic meshing of the point clouds. Barazzetti et al. [13] proposed a
cloud-to-BIM-to-FEM workflow for the generation of an accurate historic BIM based on
point clouds, taking into consideration the geometrical irregularity of a castle. The BIM
model was automatically converted into FEM for structural simulations. In the same year,
Castellazzi et al. [14] validated a semi-automatic procedure to transform point clouds into
finite element models. The procedure exploits voxelization methodology, the process of
converting a 3D object into a discrete grid of “voxels”. In [10], Pepe et al. presented a scan-
to-FEM pipeline to create digital models to be used in structural analysis. All techniques
are further analyzed in Section 3 of this paper.

The paper is organized as follows. Section 1 presents an introduction to the study,
with a focus on 3D point clouds obtained using advanced techniques for digital geometric
recording. The aims and objectives of the study are also enlightened. Section 2 describes
the methods and the materials used to carry out the study. The following Section 3 pre-
sents a detailed description of the various methodologies for the transformation of point
clouds to FEM. The final remarks and possible future developments are exposed in Sec-
tions 4 and 5.

1.1. Advanced Products of Heritage Recording and Digitalisation Techniques: 3D Point Clouds

Over time, documenting built heritage has progressively evolved in terms of instru-
mentation used, speed, and quantity of data collected. In fact, the adoption of advanced
digital survey technologies—such as laser scanning, close-range, and aerial photogram-
metry —has greatly enhanced documentation practices [15]. For purposes of this paper,
authors consider two main technologies, terrestrial laser scanning (TLS) and photogram-
metry, that can produce point clouds, i.e., a set of distinct data with geometric information
and very suitable for further surface or volume modeling.

Technological shifts that enabled extensive recording of heritage using advanced sur-
veying technologies have also contributed to an increased popularity of this topic across
different fields of application. Digitalization of heritage has in fact been incorporated
within some of the most significant public policy recommendations [16] and internation-
ally shared scientific principles [17]. Traditionally, charters do make a reference to non-
destructive methods for data acquisition [18]. However, it is only in 2006 that a UNESCO
report [19] on climate change and world heritage acknowledges the need for “remote sens-
ing” approach relying on the use of satellite technology, non-destructive techniques, bio-
sensing to assess biological damage to materials, and the use of simulation tools to predict
the impact of climate change on the behavior of cultural heritage materials that are needed
for the development of professional monitoring strategies. Geomatics technologies usu-
ally do not enter into direct contact with the object of survey, thus minimizing disturbance
to fragile sites. In addition, they produce outputs of high levels of geometric accuracy and
are very suitable for repetitive measurements; all these characteristics have enabled their
extensive employment in the recording of cultural heritage monuments and sites over the
past few decades.

Although the communities of scientists, scholars, and stakeholders agree on the ad-
vantages of geomatics technologies, there are no true common protocols for digitalization
for further use of recorded data, for example, for purposes of FEM analysis. There are
several examples of principles on 3D digitalization of heritage [20,21], proposed at the
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international level in the past, while experts suggest that specific guidelines should be
resorted to, relying on good practices and on the manuals edited at the national level [22].

The surveying methods have evolved with the advent of tools like total stations,
which integrate electronic distance measurement (EDM) and angle measurement for pre-
cise, automated remote sensing data collection. Global navigation satellite systems
(GNSS), including GPS (global positioning systems), have revolutionized surveying by
providing accurate geospatial coordinates from satellite signals, while the use of topogra-
phy techniques and geodetic networks allows a correct georeferencing of ground survey
collections. Modern surveying increasingly utilizes remote sensing technologies such as
LiDAR (light detection and ranging) and photogrammetry, which create 3D models by
collecting dense point clouds from laser or photographic data. Out of all possible products
of an advanced surveying procedure, this paper will focus on the generation, properties, and
use of point clouds as a starting point for 3D modeling, further discussed in Section 3.

According to Yang et al. [23], photogrammetry and laser scanning have become the
best approaches for the acquisition of point cloud data in the field of cultural heritage. TLS
is an advanced form of LiDAR technology applied from the ground and used to capture
detailed 3D representations of structures and landscapes. TLS systems come in two pri-
mary forms: static TLS (STLS) and mobile TLS (MTLS). STLS uses a tripod-mounted scan-
ner that collects 3D data from fixed positions [24]. MTLS, on the other hand, is mounted
on moving platforms, allowing for data collection across larger areas, though at a slightly
lower resolution [25]. For heritage documentation, STLS is more widely used to capture
the geometric information through multiple scans taken from different points in space
and hence different points of view. During processing, these scans are aligned, co-regis-
tered, and georeferenced in software to form a unified point cloud project that represents
the structure’s overall geometry. This technology can capture current geometric condi-
tions of built heritage, potentially supporting structural assessment analysis [13] and dam-
age detection [26]. It can also be explored for virtual reality (VR) and augmented reality
(AR) applications such as for educational and interpretive purposes [27]. TLS is particu-
larly useful for documenting and monitoring deteriorating sites or unstable conditions
[28]. However, the advanced technology such as TLS comes with challenges. The equip-
ment and software are usually costly, data processing is complex, and the technology re-
quires skilled operators. Environmental factors like lighting and weather, as well as re-
flective, transparent, or obscured surfaces, can affect data quality. Additionally, TLS can
struggle to capture colors and textures.

The other prominent remote sensing surveying technique is photogrammetry, a
method for creating stereoscopic models, starting from photographs taken from multiple
angles and positions in space [2]. There are two main types of photogrammetry: close-
range and aerial. Close-range photogrammetry is often performed with handheld or tri-
pod-mounted cameras and is suitable for artifacts, architectural features, or interiors. Aer-
ial photogrammetry typically uses aircraft and is ideal for mapping large areas, creating
topographic maps, and documenting landscapes or structures from above. In the past dec-
ade, several examples have relied on the use of drones and unmanned aerial vehicles
(UAVs) integrated with digital cameras for surveying of historical structures and built
environments and their surroundings. Photogrammetry is also relatively accessible, as it
only requires a digital camera, software, and sufficient lighting to capture images [29].
Advances in software have made it possible to use even standard digital cameras or
smartphones for initial data capture. The accuracy of a photogrammetric survey depends
on factors such as camera settings, operator skills, the quality of the images, and environ-
mental conditions. Additionally, photogrammetry may struggle to capture surfaces with
no distinct visual features (texture), while challenges might be encountered in situations
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with no natural light and in which artificial lighting results in complex surveying (e.g.,
narrow areas such as tombs, caves, and underground chambers).

The outcomes of these advanced surveying methodologies are point clouds that can
be visualized in 3D modeling environments. A point cloud is a collection of discrete points
in three-dimensional space that represents the geometry of objects or environments. Each
point in the cloud has coordinates (X, Y, Z) and, in some cases, additional attributes like
color, intensity, or normal vectors that provide contextual information about the surfaces
being scanned [2]. The goals of a detailed point cloud can be many, depending on the
different needs. In the field of CH, the key advantage of point clouds is their ability to
provide accurate information that can be further used to correctly represent complex sur-
faces and environments through technical drawings (two-dimensional products) and 3D
models. Photogrammetric point cloud data, for example, are mostly used for orthophoto
image production, especially in archaeology and architecture [30]. Other applications ex-
plored in recent literature include further data processing for models that can facilitate
damage detection, provide geometry information for complex HBIM (historical building
information modeling), and support further FEM techniques [31].

Advanced surveying methodologies are often integrated and combined with tradi-
tional methods, such as manual measurements, measured drawings, photography, and
hand-drawn sketches [32]. For example, manual measurements, which use tools like tape
measures and levels and are often accompanied by hand-drawn sketches to capture ar-
chitectural details, are effective for tasks requiring high precision in localized areas and
allow close interaction with the structure. Traditional triangulation and trilateration,
which rely on angle and distance measurements between control points to determine the
positions of physical elements in space, are particularly valuable for enhancing precision
and efficiency. Although these techniques have been superseded by modern advanced
surveying methods due to their labor-intensive nature, slower speed, and susceptibility
to human error, they remain historically valuable and useful for integration into contem-
porary practices.

It is important to mention that in the practice of heritage recording, advanced tech-
nologies usually do not completely exclude manual data acquisition. Quite the contrary,
the integration of information and the confirmation of specific interpretations often rely
on the in situ controls and manual data collection. For the purposes of the comparison
review reported in this paper only, the authors decided to treat the outputs of manual
data collection (simplified measured drawings) and that of advanced geometric survey
(point clouds) as fully separate sets of data.

1.2. Aims of the Study

The aim of this work is to review existing methodologies to transform high-quality digital
point clouds into finite element models. In particular, the following objectives were set:

e  Toreview the methods capable of employing directly, or semi-directly, the data from
point clouds for the generation of an FEM used for structural analysis.

e  To propose a classification of these methods.

e  To highlight the strengths and drawbacks of each method.

e  To assess the direction of future research in this field.

The focus concentrated on the automation of the process and on the contribution that
laser scanning techniques and 3D modeling may provide for the analysis of the structural
stability of cultural heritage structures.
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2. Materials and Methods

This paper is structured as a state-of-the-art review regarding different methods to
obtain an FE (finite element) model from a point cloud. The searching workflow followed
these steps: (i) determine the initial field of inquiry; (ii) select search engines and provide
a set of keywords to search for publicly available and indexed methods-related publica-
tions; (iii) discard the publications that are not related to the topic; (iv) read and analyze
each article, identifying the principal techniques. The topic of the review is the generation
of FE models of CH structures from surveyed point clouds. The inclusion criteria identi-
fied studies that address methods for the transition from point clouds to FEM, that high-
light applications in the structural assessment or conservation of CH buildings, and pro-
vide detailed insights of the methodology used, including level of automation, geometric
accuracy, or challenges in data processing. Exclusion criteria were applied to studies that
only focus on data acquisition or documentation without addressing FEM generation and
studies with limited relevance to CH, such as those centered on modern or industrial
buildings. Works that discuss BIM mainly for non-structural purposes, such as data man-
agement or heritage visualization, were also excluded.

Web of Science (WoS) and Science Direct were the main search engines employed in
the initial searching phase. Table 1 shows the steps followed when searching in Web of
Science. The terms “point cloud”, “fem”, “structural model” and “cultural heritage” were
combined using Boolean operators and seven different searches were conducted. The re-
search was performed for “Topic”, “Author Keywords” or “All Fields”. A total of 393
documents were selected from step 1. The second step involved the decimation of the
previously collected documents by filtering for language and categories. Duplicates were
also removed. A total of 57 topic-related publications were eventually selected at the end
of step 3.

Table 1. Steps of the search procedure in WoS.

Step 1—Collection

Search N. of Publications Webpage
https://www.webof-
“point cloud” (Topic) AND “fem” (Topic) 89 science.com/wos/woscc/summary/3068e755-

84ac-4fe4-9906-ce2276ecaffb-010dac2add/rel-
evance/1 (Accessed on 25 November 2024)

“point cloud” (Topic) AND “fem” (Topic) AND

“cultural heritage” (Topic)

https://www.webof-
science.com/wos/woscc/summary/94e7189a-
1449-45cc-a3f8-9ac9£384be98-010dac1058/rel-
evance/1 (Accessed on 25 November 2024)

11

“point cloud” (Topic) AND “structural model”
(Topic) AND “cultural heritage” (Topic)

https://www.webof-
science.com/wos/woscc/summary/6b2ac90f-

84 44dc-4271-8e6d-1959{5dfb838-
010dac5852/relevance/1 (Accessed on 25 No-
vember 2024)

“point cloud to structural model for cultural herit-

age” (Topic)

https://www.webof-
science.com/wos/woscc/summary/fc0adb84-
fc7£-40ac-92f0-57524c6c67b7-010dac7fd1/rele-
vance/1 (Accessed on 25 November 2024)

78

“point cloud” (Author Keywords) AND “fem” (Au-

thor Keywords)

https://www.webof-
science.com/wos/woscc/summary/1161fb8d-

11 c48e-4686-9b87-403d4b4b91d5-
010dac37e4/relevance/1 (Accessed on 25 No-
vember 2024)
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https://www.webof-
science.com/wos/woscc/summary/348b3297-
823£-43cf-89a3-b70e224ecc96-010dac7264/rel-
evance/1 (Accessed on 25 November 2024)

“point cloud” (Author Keywords) AND “structural
model” (Author Keywords) AND “cultural herit- 2
age” (Author Keywords)

https://www.webof-
“point cloud to structural model for cultural herit- 118 science.com/wos/woscc/summary/71c10e58-
age” (All Fields) €933-4e10-925e-fc67d c44e2bc-010daca93f/rel-
evance/l (Accessed on 25 November 2024)

Total 393

Step 2—Decimation

Filter for language (English and Italian) and cate-
gory (the selected categories were Architecture, Civil

Engineering, Archaeology, Construction Building 386
Technology, Computer Science, Mechanical Engi-

neering)

Remove duplicates 190

Step 3—Definition

Selection of papers dealing with the topic (i.e., gen-

7
erating FE model from point clouds for CH) >

The same procedure was followed when searching in the Science Direct engine (Table
2). The search from step 1 yielded 1964 documents, which were narrowed down to 18 after
excluding those not specifically related to the subject of interest (i.e., the generation of FE
models from point clouds for CH).

Table 2. Steps of the search procedure in Science Direct.

Step 1—Collection

Search N. of Publications Webpage

https://www.sciencedi-
rect.com/search?gs=point%20cloud%
20t0%20struc-
tural%20model%20for%20cul-
tural%20heritage (Accessed on 25
November 2024)

“point cloud to structural model for cultural heritage” 1964

Step 2—Decimation

Filter for language and subject area (Engineering, Envi-
ronmental Science, Computer Science, Art and Humani- 1093
ties)

Step 3—Definition

Selection of papers dealing with the topic (i.e., generating

FE model from point clouds for CH) 18

The research for references was further enriched by reviewing the papers and exam-
ining their cited references. Additional references were also found through searches using
the Google search engine, resulting in 42 more references. The complete list of topic-re-
lated references, with duplicates removed, contains a total of 84 documents, and it can be
found in Supplementary Materials.

3. Results

The 84 documents selected in the search procedure at Section 2 were analyzed using
VOSviewer© software (version 1.6.20). Keywords play a key role in studies, capturing the
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main focus of the research. To get a better understanding of the current research trends, a
keyword co-occurrence map was created, with nodes representing the keywords (Figure
1). As outlined in Figure 1 and in Table 3, keywords with the highest frequencies are
“FEM”, “Cultural heritage”, “HBIM”, “Point cloud”, and “TLS”. It is noteworthy that the
concept of “HBIM” is relatively new and has only recently gained traction in the field.
However, it has a strong correlation with the other keywords.

Table 3. Number of occurrences per keywords. Only keywords with more than 4 occurrences are

shown.
Keyword Occurrence
FEM 27
Cultural heritage 25
HBIM 13
Point cloud 12
TLS 11
Structural analysis 10
BIM 5
Interoperability 5
Mesh generation 4
Photogrammetry 4
3D modeling 4
NURBS 4
Voxelization 4
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historical masonry structure
3d fgwodel
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3d Iase&,écanner

seismic vulnerability assessment

peinit cloud data
L J
b
‘mascnry buildings
structurali@ssessment
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Figure 1. Overlay visualization by VOSviewer© of the number of citations for each keyword (rep-

resented by the size of the dots) with respect to the year of publication.
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The selected literature was analyzed in terms of the publication date and geograph-
ical origin. The results are shown in Figures 2 and 3. The first studies on the generation of
FE models from a point cloud date back to 2007 and have steadily increased in number
since then. In 2023, 18 publications were released, indicating a growing interest and on-
going relevance in the field. It is noteworthy that the biggest contribution comes from the
central European region, especially from Italy. Indeed, the highest number of publications
was realized in Italy (35 documents). Outside Europe, the most active countries are China
(6 documents) and the United States (3 documents). This demonstrates that this topic is
discussed worldwide.

18

ra
(=]
ra

\ & R R I T R R T T S S G W SR W
N AN AN P N > v RNV
v v v v 4 W 13 v 14

N° of publications

BN
[\S]

Figure 3. Geographic distribution of the first author’s affiliation, referred to the publications from
2007 to 2024, on the topic “FEM generation from point cloud for CH”.

3.1. FE Model Generation Approaches

The automated mesh model generation for FE analysis is a problem that has been
studied for years, and much progress has been made so far, especially in terms of software
and tools. Obtaining a finite element method (FEM) model from a point cloud involves
several mathematical and computational steps. Indeed, point cloud data cannot be di-
rectly used for numerical analyses, as they are represented by discrete points, while a nu-
merical model needs to be continuous and represented by mathematical equations. Dif-
ferent techniques exist nowadays that deal with the so-called scan-to-FEM process. A first
attempt to classify the different methods for FEM generation from point clouds was given
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Point Cloud

by Tognaccini [33] who identified three different techniques: (i) manually prepare the
model in a CAD software, where the point cloud is used just as a guide; (ii) create a mesh
model and convert it to a structural model using voxelization; and (iii) create non-uniform
rational B-spline (NURBS) surfaces and convert them to solids.

Korumaz et al. [5] extended Tognaccini’s [33] classification and divided the tech-
niques into five groups, differentiating for different data acquisition approaches (manual
survey or automatic survey via photogrammetry and TLS). A more recent classification
was proposed by Quattrini et al. [34], categorizing the methods into four approaches. The
first three approaches were the same as those introduced by Tognaccini [33]. The fourth
approach intends to generate a mesh from the point cloud and convert it directly to a solid
object.

An extended classification is proposed in this study, and it is shown in Figure 4. The
classification involves five different methodologies to generate structural models starting
from surveyed point clouds. The different methods are outlined in detail in the following
Sections 3.1.1-3.1.5. It is noteworthy that the level of geometric accuracy of the final FE
model increases from the first to the last approach. The level of geometric accuracy is
closely related to the scale of representation and reflects the extent to which the surface
geometry is represented, along with the ability to capture details and information. It can
be computed as the deviation between the generated FEM and the actual geometry (e.g.,
root mean square error (RMSE)). An inadequate level of geometric accuracy can lead to
inaccuracies in the FEM model. The purpose of exploiting point clouds is to lose the least
amount of information from the survey and minimize operator interventions. Figure 5
shows the distribution of methods in terms of percentage, related to the analyzed publi-
cations. A list of the software used and cited in the articles can be found in Appendix A.

Basic elements
Manual modelling |[—

Scan-to-BIM-to-
A FEM

Voxel-based FE Model
approach

Convert mesh to
NURBS

Aoeanooe HL3ewoad Jo [PAd]

High level of

Convert mesh to complexity
Solid model

Figure 4. Classification of the methods for the development of FE models.
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Figure 5. Percentage distribution of methods for the development of finite element models, related
to publications from 2007 to 2024.

Figure 6 illustrates the generation of an FE model (Figure 6b) from a point cloud (Fig-
ure 6a). The example depicts a column from Tomb 7 at the archaeological site of the Tombs
of the Kings in Paphos, Cyprus (Figure 7), used as a case study to outline the methodolo-
gies. The archaeological site of the Tombs of the Kings is included in the UNESCO World
Heritage Site (WHS) list, which highlights its cultural importance and ensures its protec-
tion under international agreements. This protective status imposes constraints on inter-
ventions, making structural assessments particularly challenging. In addition, the site is
susceptible to various risks, such as seismic activity and other environmental agents, is-
sues that were not considered at the time of construction. Tomb 7 is particularly notable
for its territorial, architectural, and structural characteristics. Being part of a larger com-
plex, it integrates seamlessly with the landscape, and its soil-structure interaction is
unique, as part of the structure is located underground. The colonnade is a fundamental
load-bearing component of the monument. Other than being the most recurrent structural
feature of the site, the column plays a critical role in ensuring stability and is thus selected
as the representative element of the monument. The illustrative example of the column of
Tomb 7 is used in the following sections to showcase the different types of meshes that
can be generated when transitioning from a point cloud to an FE model in various ap-
proaches.
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(a) Point cloud (b) FE model

Figure 6. Example of the conversion of a point cloud (a) into FE model (b). This example shows one
of the columns of Tombs 7 in Tombs of the Kings in Paphos, Cyprus.

Figure 7. Localization of Tomb 7, Tombs of the Kings, Paphos, Cyprus.

3.1.1. Manual Modeling

The most employed method to date to obtain FE models is manual modeling. It typ-
ically involves creating a CAD model and then discretizing it into solid FEs. This process
is often prone to errors in FE meshing due to geometric imprecisions and tolerances intro-
duced during manual modeling [7]. Drawing in a CAD environment involves the combi-
nation of primitive solid shapes through unions, subtractions, intersection commands,
and boolean operations, using point cloud just as a reference guide. Indeed, point clouds
can be imported directly into CAD software, and plans, sections, and elevations can be
easily visualized. Measures and distances are evaluated from the point cloud. Figure 8
illustrates an example of a possible workflow for manual modeling.
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point cloud manual draw 3D solid FE model
Manually draw plans, sections Manually draw a 3D solid
. and elevations in CAD model in FEA software
Point Cloud == software usign the point cloud 7 using solids and boolean | FEmodel
as reference operations
Figure 8. Example of a possible workflow for manual modeling.

This approach generally results in an approximation of the geometry since imperfec-
tions or relative inclinations that characterize historical buildings are discarded. Thus,
many original characteristics of the geometry can be lost. Additionally, the high reliance
on manual input increases the risk of human error, making the process labor intensive for
complex projects. The operator must be well experienced and trained on different model-
ing software programs, and they need to know about the history of the analyzed object.
This approach is time-consuming, considering all the steps involved, like the definition of
the level of geometric detail, the meshing, the choice of sections, etc. A positive aspect of
this approach is that the transformation to numerical models is relatively easy for simple
shape geometries. Table 4 summarizes the PROs and CONs of this methodology.

Table 4. PROs and CONSs of the “Manual modelling” methodology.
PROs CONs
Easy process for simple models Simplification of the geometry
Relatively easy to convert to FEM Many characteristics of the original geometry can be lost
Does not require multiple software Cumbersome to reach a high level of detail

The most employed method

Well-experienced and trained operator

3.1.2. Scan to BIM to FEM

A viable option for obtaining FE models from point clouds is by creating a BIM
model. The so-called scan-to-BIM-to-FEM methodology has been gaining ground in re-
cent years thanks to the advantages offered by BIM models in the preservation of CH
buildings.

The general scan-to-BIM-to-FEM methodology starts with the generation of point
clouds by 3D scanning technologies. These point clouds are the reference for constructing
building information models (BIM), which are parametric models including not only ge-
ometric data but also metadata regarding materials, mechanical properties, and other
building systems. From this stage, BIM models can be converted into finite element
method (FEM) models for structural simulations and performance assessments under various
conditions. An example of a possible workflow for this approach is shown in Figure 9.

This approach offers the great advantage of integrating a variety of data into the 3D
model (metadata), which includes not only physical and functional properties but also
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geolocation and spatial data, maintenance information, the relationship between different
components of the structure, and environmental data, offering a source for the entire
lifecycle of a structure. However, modeling historical buildings with complex shapes in a
BIM environment can be a complicated task. BIM software often lack the capacity to han-
dle certain shapes and forms, necessitating the creation of custom parametric libraries.
Furthermore, the conversion from BIM to FEM, though automated in some cases, fre-
quently requires manual intervention, especially when dealing with complex or irregular
geometries, with time-consuming manual corrections in the 3D mesh. Specialized tools,
such as those in DIANA (www.dianafea.com, DIANA FEA B.V., Delft, Netherlands), are
available to remove small entities and optimize the geometric model, but these still require
significant investment in both time and expertise. Another critical aspect to consider is the
import/export operations between BIM and FEM software. For instance, not all types of
elements, sections, materials, or even loads and constraints may be recognized during the
transfer process. It is important to verify whether any information is lost during the tran-
sition between software and not to assume that all data will always be correctly inter-
preted. However, once these limitations are understood, especially in large, complex mod-
els, the advantages of leveraging interoperability can be significant. Advancements in in-
teroperability standards, such as the use of industry foundation classes (IFC), are helping
to ensure data exchange across platforms. Unfortunately, not all FEM platforms are able
to read files in IFC format. For example, Teklae Structural Designer (www.tekla.com,
Trimble Solutions Corporation, Espoo, Finland) and Robot Structural Analysis (www.au-
todesk.com, Autodesk, Inc., San Francisco, California, US) can read IFC files directly,
while ABAQUS (www.3ds.com, Dassault Systemes, Vélizy-Villacoublay, France) and
Midas (www.midasoft.com, MIDAS Information Technology Co., Ltd, Gyeonggi-do,
South Korea) require data conversion to compatible formats like STEP or STL.

i
Emonatic e
‘ s ———

point cloud BIM model FE model

Export the model in IFC
format to include geometry,

Point Cloud

materials and other
Model the structure in BIM properties

as reference

——>| software using the point cloud / FE model
\ Export only the geometry /

(e.g., STEP, IGES, or STL
formats)

Figure 9. Example of a possible workflow for the scan-to-BIM-to-FEM approach.

Barazzetti et al. [13] applied the cloud-to-BIM-to-FEM methodology to the case study
of Castel Masegra, located in Italy. The BIM model was built in Autodesk Revit®
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(www.autodesk.com) from the 2D drawings extrapolated from the point cloud. It was
possible to model simple and regular elements directly in Revit, while complex shapes
were modeled through NURBS curves. Despite the necessity to design complex objects in
a separate environment and the cumbersome manual edit of the auto-meshing process in
the BIM-to-FEM phase, the authors managed to obtain a numerical model that reflected
the geometric complexity and irregularity of the historic construction without an exces-
sive simplification of the structure and with a limited processing time.

The application of this methodology to the field of heritage reconstruction depends
on the peculiarities of each building, due to the irregularities it may present in its mor-
phology. Recently, historic building information modeling (HBIM) has been introduced
as an advanced approach that merges the principles of BIM with the specific needs of
historic preservation and cultural heritage management. In 2009, Murphy et al. [35] pro-
posed a new system of modeling historic structures, aiming to develop a novel prototype
library of parametric objects. The design and details of these parametric objects were de-
rived from architectural manuscripts, ranging from the works of Vitruvius and Palladio
to the pattern books of the 18th century. However, many authors have emphasized that
the unique forms of historical buildings represent a significant value that should be pre-
served and transmitted [36,37]. The lack of existing object libraries can be overcome
through the development of specific 3D objects using advanced modeling tools (AMT),
enabling the accurate representation of actual geometry.

In Ursini et al. [38], the authors tested the scan-to-HBIM-to-FEM process, examining
the interoperability of HBIM models to be used for structural analysis and the represen-
tation of complex geometries within the HBIM models. They encountered many issues
during the process, such as inconsistencies in the interchange between BIM software and
FEA (finite element analysis) software and gaps in Autodesk Revit (www.autodesk.com,

Autodesk, Inc., San Francisco, California, US) in the representation of historical masonries.
Despite the issues and the involvement of numerous software, the authors were able to
build not only a detailed HBIM model but also a structural analytical model, concluding
that the workflow offers advantages both for structural investigations and for manage-
ment, conservation, and maintenance of existing architectural heritage.

Santini et al. [39] highlighted major challenges with using historical BIM for sharing
information between different disciplines. They found issues with representing irregular
shapes, collapsed elements, deteriorated materials, and damaged surfaces. They also
pointed out difficulties in transitioning from geometric surveys to structural modeling
when including a BIM methodology.

New technologies are experimenting with the automation of the process from 3D
scanning to 3D parametric modeling in BIM platforms. The work by Thomson and Boehm
[40], although not specifically focused on CH, reviewed scientific literature on automating
the process. Rolin et al. [41] proposed a workflow for achieving the semi-automatic trans-
formation of a 3D point cloud, surveyed through a terrestrial laser scanner, into a 3D ge-
ometrical HBIM-oriented model, exploiting the functionalities of Rhino®
(www.rhino3d.com, Robert McNeel & Associates (TLM, Inc.), Seattle, Washington, USA).
The workflow also allowed for the creation of a consistent 3D finite element mesh suitable
for structural analysis.

The scan-to-BIM-to-FEM approach is still developing but is becoming increasingly
relevant for governments and public institutions, especially in the context of public pro-
curement. As this methodology continues to evolve, it holds great promise for enhancing
the precision, efficiency, and versatility of structural design and analysis in both new con-
struction and the retrofitting of existing structures. Table 5 summarizes the PROs and
CON s of the “Scan to BIM to FEM” methodology.
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Table 5. PROs and CONSs of the “Scan to BIM to FEM” methodology.

PROs

CONs

Easy process for regular shapes Cumbersome process for complex shapes

It allows the use of metadata

The automation of the process is still not available

It allows interoperability through IFC standard format Cannot be used for statues (elements cannot be simplified to

beam, truss or shell)

3.1.3. Voxel-Based Approach

A voxel-based approach is based on the voxelization of data, which is the process of
discretizing geometric or volumetric objects (curve, surface, solid) into volumetric data
stored in a 3D array of voxels [42]. A voxel is a volumetric pixel, a 3D cube that represents
a discrete part of the space within the object. This voxel-based representation of the 3D
object can then be processed and converted into a finite element mesh for simulation and
analysis.

The voxelization method has its origins in computer graphics and digital imaging,
dating back to the early developments in 3D modeling and volume rendering during the
1960s and 1970s [43]. Voxels were introduced as a natural extension of the 2D pixel con-
cept to represent 3D space. Early research in voxelization was aimed at creating volumet-
ric representations of objects for medical imaging, scientific visualization, and computer-
aided design (CAD). One of the earliest applications of voxelization was in medical imag-
ing, particularly for CT (computed tomography) and MRI (magnetic resonance imaging)
scans, where 3D anatomical structures needed to be visualized [44,45]. In the 1980s and
1990s, as computer graphics and computational power advanced, voxelization became
more widely adopted for applications like volume rendering, collision detection, game
development, and 3D simulations. Since then, voxelization has become a foundational
technique in various fields such as CAD modeling, 3D printing, and physics-based simu-
lations [46,47].

Voxelization techniques can be distinguished into point-based or surface-based.
Point-based voxelization directly assigns points from the cloud to specific voxels within a
3D grid. A regular and uniform grid is first established over the spatial bounds of the data.
The size of each voxel, which determines the resolution of the grid, is defined during this
step. Next, the points in the cloud are mapped to their corresponding voxels based on
their spatial coordinates. This mapping process identifies which voxel contains each point
within the 3D grid, so each voxel is classified corresponding to binary values based on the
sample points within that voxel. Hinks et al. [42] and Dogan and Gullu [48] propose dif-
ferent methods based on the point-based voxelization. The methods proposed are fast and
offer a high degree of automation in reconstructing models from point cloud data. The
resulting solid models can be imported into FEM programs for mesh generation and struc-
tural analysis.

Most existing voxelization techniques are surface based, where the focus is on cap-
turing and discretizing the outer surface of an object, rather than its entire volume. Cas-
tellazzi et al. [14] introduced a surface-based semi-automatic voxelization procedure to
transform 3D point clouds into 3D FEM models. A summary of the methodology is illus-
trated in the following paragraph and in Figure 10.

The process starts with the 3D scanning of the object, building, or environment to
generate a dense point cloud. Having obtained the 3D point cloud, a first operation is
producing a more regular cloud in density using a sampling algorithm. The second phase
involves the cleaning of the cloud to delete unnecessary points. This phase is not auto-
matic but requires the supervision of an operator. A polygonal mesh is then computed to
obtain a continuous surface. The next operation is the slicing, which consists of creating
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planes (slices), parallel to a reference plane, at regular distances between each other until
the whole structure is covered. The distance is arbitrary, and it defines the resolution of
the model. The intersections between each slice and the polygonal model generate lines.
Points are then distributed along these lines and cleaned to remove geometric irregulari-
ties. A boundary polygon that includes the points can then be computed using a concave
or convex hull algorithm. Once the slices have been created, they are discretized and con-
verted into digital images using the CT approach. Each digital image, with a certain reso-
lution, is composed of pixels, so the stacking of them creates the volume elements (voxels).
In this way, the reconstruction of the original 3D geometry can be realized by stacking all
the slices. The creation of an FE model is then straightforward: each voxel is automatically
converted into an eight-node hexahedral element. It is noteworthy that different pixel val-
ues can be assigned to represent various materials.

z
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i-’th slice

concave hull
pixel image of the slice
z

point cloud mesh ) slicing ) voxel representaion voxel model FE model
Point cor(ljtfl(ﬁ(e)us Create Covert slice Voxel
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Cloud surface olveons image model
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Figure 10. Flowchart of the voxel-based method.

The authors also developed an open-source software program called CLOUD2FEM
based on the depicted workflow. The description of the open-source software can be
found in Castellazzi et al. [7]. The software is developed in Python and integrates open-
source libraries on the back-end to facilitate processing and modeling tasks. It features a
user-friendly graphical interface, making it accessible to users without advanced struc-
tural skills. As an independent workflow, it does not rely on any specific software, which
offers significant advantages over traditional CAD methods.

Bitelli et al. [49] applied the Cloud2FEM procedure to the surveyed Fortress of San
Felice sul Panaro (Italy), which was severely damaged by the earthquake in 2012. The
partial collapse of the perimeter walls of the North Tower, as well as the presence of debris
and discontinuities, highly affected the point cloud obtained through TLS surveying. The
Cloud2FEM process allowed the development of a detailed 3D numerical model that ac-
counted for complex elements and damaged structures. The authors were able to perform
an FEM analysis on the damaged structure but also on the undamaged structure, obtained
by processing the voxel model manually, slice by slice.

The methodology, as well as the software code, can be easily improved, as evidenced
by several studies found in the current literature. Bitelli et al. [50] enhanced the method
by proposing a new approach that automatically computes the minimum necessary num-
ber of slices to efficiently describe the entire structure. It is a recursive process that reduces
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time and minimizes operator intervention. A further improvement of the methodology
was proposed by D’Altri et al. [51], where the authors integrated 3D documentation data
from virtual tours to handle non-comprehensive point clouds (e.g., when only the outer
surface of the building is included in the point cloud). Lo Presti et al. [52] exploited the
Cloud2FEM procedure to transform point clouds into BIM models. The data were con-
verted to IFC format (the standard for BIM software) after the slicing phase, and BIM
model generation showed a good efficiency and a high level of automation.

It has been shown that the automated voxel model approach offers a flexible and
efficient way to convert point cloud data into a volumetric model. The process is robust,
accommodating point clouds of any complexity or completeness, making it particularly
useful for modeling complex structures. The process minimizes operator intervention,
with user input required only during the slice cleaning and splitting phases, which results
in significant time savings. The overall processing time is determined by the number of
slices. The accuracy of the result is tied to the resolution of the voxel grid. A higher reso-
lution will produce a more detailed model but will also require more computational re-
sources. Compared to CAD, where material properties must be assigned to a partition of
the entire model, the voxel-based method allows for property assignment to individual
voxels, providing detailed and accurate structural description [53].

However, the methodology does have some challenges. Kaushal et al. [54] tested the
Cloud2FEM software, investigating three different meshes for the same case study. They
concluded that different meshing produced different results in terms of stress concentra-
tions, showing the necessity of selecting an appropriate mesh and the urgency to assess
this problem. The quality of the FEM mesh generated from voxel models is critical for
accurate results. Poor mesh quality can lead to inaccurate simulations or excessive com-
putational cost. Furthermore, the voxel-to-FEM process can be computationally expen-
sive, particularly for high-resolution voxel models or large structures, requiring powerful
software and hardware. A summary of the PROs and CONs of the “Voxelization” meth-
odology is presented in Table 6.

Table 6. PROs and CON s of the “Voxelization” methodology.

PROs

CONs

Relatively easy and speedy procedure Rasterization

Valid for complex structures

Poor mesh quality of the voxel model can lead to inaccu-
rate results

It allows for property assignment to individual voxels

Computationally expensive for high-resolution voxel mod-
els or large structures

Semi-automated procedure

Independent of any commercial software

3.1.4. Convert Mesh to NURBS

A fourth method of converting 3D scanned data into numerical models relies on the
use of non-uniform rational B-splines (NURBS). NURBS stands for non-uniform rational
B-splines. It is a mathematical model for generating and representing curves and surfaces
[55]. NURBS prevents the oversimplification of complex shapes and offers a more accurate
representation of reality. The decimation and feature preservation capabilities of modern
alignment algorithms make them particularly suited for simplifying reality-based models
for finite element analysis (FEA).

A general workflow of this methodology (Figure 11) starts from the automatic crea-
tion of a continuous surface mesh from the scanned point cloud. If the mesh thus created
is satisfactory and valid, which is usually the case for simple regular models and high-
resolution point clouds, it can be directly converted into NURBS. Some CAD packages
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offer automatic conversion of polygonal models to NURBS, but this often results in a
higher number of small patches, especially when the original mesh is topologically disor-
ganized [56]. In most cases, it is convenient to clean the mesh or re-mesh it, using specific
tools that simplify and reduce the number of elements in the mesh, before transforming it into
NURBS. The NURBS model is then imported into an FEA environment where it can be auto-
matically converted into a volumetric solid mesh and exploited for structural analyses.

et

point cloud mesh mesh retopology : NURBS FE model
. Convert the .
Point Cloud |1 Create continuous - Cl(?an the mesh Ll eshto | Import into " -| FE model
surface (mesh) (consider retopology) NURBS FEA software

Figure 11. Workflow of the method “Convert mesh to NURBS”. A zoomed-in view of the mesh

texture is evidenced in the red box.

As seen in Section 3.1.2, NURBS can also be converted into parametric BIM objects.
The main FEA software has meshing tools that can convert NURBS models, which only
represent outer surfaces, into a 3D volumetric mesh. The difference between a volumetric
mesh and a surface mesh is that the first has nodes spread in the outer surface and within
the internal volume, connected by simple shapes like tetrahedrons, pyramids, prisms, or
hexahedrons [57].

Optimizing the initial topology of the mesh is useful to minimize the number of
NURBS patches. However, simplifying meshes, creating volumes, and fixing topological
issues require several manual steps and multiple software platforms. Additional chal-
lenges include overcoming sparse or missing data and minimizing accuracy loss during
conversion.

Automated conversion into FEM models is not always straightforward and may re-
quire dividing the geometry into sections and using Boolean operations to make the ge-
ometries congruent. Furthermore, distinguishing between structural and non-structural
components is critical, as laser scanning does not make this distinction. In the modeling
phase, non-structural components should be removed to avoid unnecessary applied
masses and loads in the structural model.

Pepe et al. [10] proposed a semi-automated procedure to obtain 3D models for FEM
and also for HBIM environments. The method involved importing the point cloud into
Rhino® and processing it, exploiting the plug-ins available in the software. In particular,
the EvoluteTool PRO (www.evolute.at, Evolute GmbH, Diisseldorf, Germany) plug-in al-
lows the generation of complex NURBS surfaces, particularly suitable in case of irregular

geometries. After having transformed the NURBS surfaces into solids directly in Rhino®,
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the model can be imported into the software for structural analysis. Although the process
required several manual steps and the use of different software, it represents an advance-
ment in the field.

Alfio et al. [58] tested the following pipeline: generate a triangular surface mesh
(TIN), transform it into a quad mesh, convert the quad mesh model into an NURBS sur-
face, and eventually import the model into the FEM environment. As quad meshes allow
for a reduction in the approximation error and the number of elements, they are usually
preferred for FE analyses.

The workflow presented in Lei et al. [59] includes the following steps: conversion of
point cloud to triangular mesh, import of the model into Hypermesh® (www.al-

tair.com/hypermesh, Altair Engineering, Troy, Michigan, US) to accomplish mesh gener-
ation, and import of the meshed model, using .inp format, into ABAQUS for analysis. The
same pipeline was followed by Almac et al. [60].

In Fortunato et al. [61], the NURBS modeling method was carried out involving the
following steps: (i) generation of a polygonal model in Geomagic (www.3dsystems.com,

3D Systems, Rock Hill, South Carolina, US); (ii) construction in Rhino of the geometric
model based on NURBS; (iii) import of the NURBS model into Hypermesh® tool for the
generation of high-precision mesh; and (iv) import of the model into ABAQUS for struc-
tural analysis.

Quattrini et al. [34] presented a semi-automatic methodology to transform TLS point
cloud into 3D FEM. Geomagic was used to clean the point cloud, mesh it, and correct the
mesh; Rhino® was used to transform the mesh into a single closed polysurface; Midas FEA
was employed to model the solid mesh and perform structural analysis. A sufficient level
of interoperability between tools was obtained. However, the model could not be subdi-
vided into elements in Midas FEA due to its high complexity, and another model was thus
created inside Midas FEA software. It this way it was possible to assign different materials
to different elements.

Many studies have experimented with retopology, the process of recreating the sur-
face geometry of a 3D model by generating a new simplified mesh with optimized topol-
ogy. The retopologized mesh is usually composed of quadrangular elements (quads),
which can be better distributed on the surface compared to triangular. The process leads
to a reduction in the number of final polygons and consequently in the computational cost
of FE simulations. The retopology process is available for open-source software such In-
stantMeshes (github.com/wjakob/instant-meshes) or Blender (www .blender.org, Blender
Foundation, Amsterdam, Netherlands), or in commercial software such as ZBrush
(www.pixologic.com, Pixologic Inc., Los Angeles, California, US). In Gonizzi Barsanti et
al. [56], a retopologized model of the Fabrica Solimene in Vietri sul Mare (Campania, Italy)
was created in ZBrush. This mesh was then transformed into polysurfaces (NURBS) in
Rhino®, using the MeshToNurb tool, and exported in .stl or .step format to produce a vol-
umetric model suitable for FEA.

Barsanti et al. [57] proposed the same approach based on retopology procedures and
transformation of this retopologized model into NURBS surfaces. The model thus ob-
tained was imported into the FEM environment to obtain a volumetric mesh. Lucidi et al.
[62] also implemented the retopology procedure. They concluded that retopology allows
for many advantages, such as achieving a high level of detail (LoD) model, reducing soft-
ware interoperability issues and computational time, and the possibility of discretizing
the model in different parts depending on the materials.

All these studies highlighted that the key to obtaining a volumetric model for FEA is
to have a clean, closed mesh that can be converted into a closed NURBS. See Table 7 for a
review of the PROs and CON s of the “Convert mesh to NURBS” method.


http://www.altair.com/hypermesh
http://www.altair.com/hypermesh
http://www.3dsystems.com/
https://github.com/wjakob/instant-meshes
https://www.blender.org/
https://en.wikipedia.org/wiki/Amsterdam
https://en.wikipedia.org/wiki/Netherlands
https://www.pixologic.com/
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Table 7. PROs and CONSs of the “Convert mesh to NURBS” methodology.

PROs CONs

The process can be partially or fully automated The process usually involves adopting multiple software

NURBS can be easily converted into BIM objects The process often requires several manual steps

Great geometrical accuracy

3.1.5. Convert Mesh to Solid Model

The last approach involves the generation of a mesh from the point cloud and the
direct transformation of the mesh into a solid model suitable for numerical analyses. This
process is feasible only for software that supports this conversion. According to [5,34], this
is a useful approach that requires the minimum involvement from the operator. Figure 12
describes the steps of the generic flowchart for the application of this approach.

point cloud mesh mesh retopology FE model

Point Cloud [

Create continuous Clean the mesh

surface (mesh) (consider retopology) |  FE model

Figure 12. Flowchart of the method “Convert mesh to Solid model”.

Bagnéris et al. [63] applied this methodology to study the mechanical behavior of a
marble statue characterized by cracks and fractures. The authors chose open-source tools,
both for 3D acquisition and numerical analysis, to guarantee the reproducibility of the
process. Having generated the 3D point cloud of the statue, they generated a tetrahedral
mesh with Gmsh (gitlab.onelab.info/gmsh/gmsh) to be directly used in the same software
for mechanical analysis.

Likewise, Tucci et al. [64] developed a 2D mesh model of the case-study vault derived
directly from point cloud and compared it with a 3D idealized geometry model. The mod-
els were analyzed in open-source FE software Salome (www.salome-platform.org,
CEA, EDF and Open Cascade), without the need to transform them into NURBS. The nu-
merical analyses confirmed the same cracking pattern for all the models, assessing the

benefits of meshes generated directly from point cloud data.

There are tools able to use meshless methods or operate directly on 3D models with-
out requiring traditional FE meshing. These tools perform structural analysis directly on
geometry. For example, the Scan&Solve plugin for Rhino® is a powerful tool designed for
structural analysis that performs simulations directly on polygonal models. The ad-
vantage is the elimination of complex and time-consuming finite element meshing. On the
other hand, only linear stress analysis can be executed, and no complex nonlinear


http://www.salome-platform.org/
https://www.google.com/search?sca_esv=f08bc68ea59cec95&rlz=1C1GGRV_enIT751IT751&sxsrf=AHTn8zpqYTC-BmF7qgb-6XSO_7LSfMhiQg:1738014228617&q=EDF&stick=H4sIAAAAAAAAAONgVuLUz9U3MK40KalcxMrs6uIGACmmHxMTAAAA&sa=X&ved=2ahUKEwjqjNjF75aLAxUK0QIHHUx1JXYQmxMoAHoECCcQAg
https://www.google.com/search?sca_esv=f08bc68ea59cec95&rlz=1C1GGRV_enIT751IT751&sxsrf=AHTn8zpqYTC-BmF7qgb-6XSO_7LSfMhiQg:1738014228617&q=Open+Cascade&stick=H4sIAAAAAAAAAONgVuLSz9U3SC-pKIm3WMTK41-QmqfgnFicnJiSCgCTli-XHQAAAA&sa=X&ved=2ahUKEwjqjNjF75aLAxUK0QIHHUx1JXYQmxMoAXoECCcQAw
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problems, like dynamic simulations, can be handled. While they are powerful for quick
analyses, they cannot replace specialized FEA software like ANSYS (www.ansys.com,

ANSYS, Inc., Canonsburg, Pennsylvania, US) or Abaqus for detailed or complex simula-
tions. Visintini et al. [65] analyzed the statue of Emperor Claudius preserved at the Na-
tional Archaeological Museum of Aquileia in Italy. The mesh model obtained from the
point cloud was filtered, simplified, and repaired through automatic commands in
MeshLab (github.com/cnr-isti-vclab/meshlab), a process that required multiple opera-
tions. The model was then imported into Rhino® where, thanks to the plug-in Scan&Solv,
it was possible to directly perform numerical simulation in this modeling environment.

This approach is promising for the analysis of homogeneous objects; this class in-
cludes statues, as well as other monolithic architectural/artistic elements. It does not need
the use of many different programs, and it can rely on open-source software. It is conven-
ient for early-phase analyses where speed is prioritized. Starting with the analysis of these
simple objects, this approach could be extended, with appropriate advancements, to
larger and more complex elements. Table 8 summarizes the PROs and CONs of the “Con-
vert mesh to Solid model” methodology.

Table 8. PROs and CONSs of the “Convert mesh to Solid model” methodology.

PROs CONs

High level of geometrical accuracy Feasible only if software supports the conversion
Minimum operator involvement Feasible for small homogeneous objects

Fast and straightforward No FE meshing Available for speedy analyses

4. Discussion

This paper presents a summary of various research works focused on the process of
converting 3D scanned data into an FE model that can be used for structural analysis,
simulations, and engineering purposes. Since 2015, the use of this technique has seen sig-
nificant growth in the field of cultural heritage, due to the increasing possibility to struc-
ture the information in 3D modeling environments. Within this context, five different ap-
proaches to what can be called scan-to-FEM method can be highlighted, each with its ad-
vantages and specific application areas: (i) the manual modeling of 3D solid models in
FEM environments based on drawings extracted from point clouds; (ii) the scan-to-BIM-
to-FEM approach, which consists of exploiting point clouds to model in BIM software and
automatically convert the BIM model to an FEM model; (iii) the voxelization method, a
semi-automatic discretization technique that leads to the creation of a voxel model to be
converted into a finite element mesh; (iv) the conversion of meshed point clouds to
NURBS to solid models; and (v) the direct conversion of meshed point clouds to solid
models in software that allows the numerical analysis of these models.

The first approach involves reconstructing the full 3D geometry in a CAD environ-
ment from point cloud data. Despite being the most used, this approach can be computa-
tionally expensive and time-consuming if dealing with complex or detailed structures and
usually results in the loss of details and accuracy. On the contrary, it is easy and straight-
forward in the case of simple and small objects. Similarly, the scan-to-BIM-to-FEM ap-
proach implies reconstructing the full model in a BIM environment, with the complication
that parametric families must be built from scratch if not included in the software. The
achievable level of accuracy for this technique can be limited. However, BIM metadata
models contain much information on structural characteristics, allowing easier collabora-
tion and communication among different stakeholders (architects, engineers, contractors,
and owners). Moreover, automatic scan-to-BIM procedures are developing lately.
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In the voxel-based approach, point cloud data are voxelized, that is, converted into a
3D grid of voxels. The voxel model is then used as the basis for FEM mesh generation.
This approach has the advantage of avoiding complex surface reconstruction, but the res-
olution of the voxel grid can limit the precision of the model, and the resulting FEM mesh
may require additional refinement. It results in being particularly suitable for objects with
irregular or fragmented shapes. The fourth approach involves several steps: the creation
of a meshed model from a point cloud, the conversion of the mesh into NURBS, and the
conversion of NURBS into a solid, volumetric model. This requires adopting multiple soft-
ware programs and usually several manual adjustments. The main advantage of this ap-
proach is that the final model achieves the highest geometric correspondence to the orig-
inal point cloud.

In the last approach, the triangular or tetrahedral mesh generated from the point
cloud is directly used for FEM analysis. This is suitable for relatively small geometries.
The difficulties arise when dealing with noisy or incomplete data, as the mesh may need
significant refinement to meet FEM solver requirements. Table 9 summarizes the main
features of the different methodologies.

All these methods can be combined, creating hybrid approaches where different
parts of the scanned object can be processed using different techniques. For example,
voxelization may be used for parts with complex or irregular shapes, while NURBS re-
construction might be applied to more regular areas. This can be particularly useful for
large-scale or highly detailed objects where a single method may not be appropriate for
the entire structure.

Table 9. Summary table of the main features of the five methodologies.

FEM Generation Approaches Main Features

Manual modeling

¢ Difficult to reach a high level of geometric accuracy

¢ Low computational efficiency

e High robustness (ability to handle noisy or incomplete
data in the point cloud)

¢ No automation

e High capability to handle large and complex datasets

~

L

o Difficult to reach a high level of geometric accuracy

e Low computational efficiency

e High robustness (ability to handle noisy or incomplete
data in the point cloud)

e Low level of automation

e Good capability to handle large and complex datasets

Voxel-based approach

e Good level of geometric accuracy

e High computational efficiency

¢ Good robustness (ability to handle noisy or incomplete
data in the point cloud)

e High level of automation

¢ Low capability to handle large and complex datasets
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Convert mesh to NURBS ¢ High level of geometric accuracy
¢ High computational efficiency
e Low robustness (ability to handle noisy or incomplete

data in the point cloud)
e High level of automation
e Low capability to handle large and complex datasets

Convert mesh to solid model e High level of geometric accuracy

e High computational efficiency

e Low robustness (ability to handle noisy or incomplete
data in the point cloud)

e High level of automation

e Low capability to handle large and complex datasets

5. Conclusions and Future Work

The intercommunication between geomatics and civil engineering can highly con-
tribute to the field of cultural heritage. This is conceived as one of the objectives of the
ENGINEER (“Geomatics and Civil Engineering Innovative Research on Heritage”) pro-
ject, a European project that envisions the enhancement and extension of inter-depart-
mental multidisciplinary research activities of the Department of Civil Engineering and
Geomatics of the Cyprus University of Technology [66]. The ENGINEER project aims to
bridge the gaps between geomatic and civil engineering, where cultural heritage is the
research domain.

To address the objectives outlined in Section 1.2, a comprehensive state-of-the-art re-
view was carried out, thoroughly examining 84 documents on the topic. The review fo-
cuses on methodologies developed to date for generating FE models from surveyed point
clouds. These methodologies were classified into five groups, with the level of geometric
accuracy of the final FE model increasing from the first to the last group. Each approach
was analyzed to highlight its advantages and drawbacks, considering factors such as com-
putational efficiency, ease of implementation, adaptability to complex geometries, and
suitability for different types of cultural heritage structures. This classification helps un-
derstand the balance between accuracy and practicality when creating FE models. It also
provides useful guidance for choosing the most appropriate method for conservation and
structural assessment.

The aim of this work is also to contribute to the ENGINEER project, exploring differ-
ent approaches in the generation of detailed FE models for the structural assessment of
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CH buildings, exploiting surveyed point clouds. The results would boost the potential
contribution of geomatics to structural engineering.
These are the key considerations drawn from the analysis:

e  The approaches analyzed are suited to different project requirements and levels of
complexity. The choice of an approach depends on the specific needs of the FEM
analysis, including the complexity of the geometry, the accuracy needed, and the
computational resources available.

e  Voxel-based methods are a simple automatic procedure that do not require multiple
software programs, but details may be lost.

e  Direct meshing and voxel-based methods are faster and easier to automate, but more
advancements need to be done to render the process fully automated.

e  The operator plays a central role in the process. The various methods include multi-
ple steps that require expertise in geomatics, architecture, geometry processing, finite
element modeling, and structural analysis. Their expertise must ensure that the final
model includes the essential features of the structure while being computationally
suitable for simulation.

These approaches continue to evolve, becoming increasingly powerful tools in struc-
tural analysis. The process can be significantly enhanced by artificial intelligence (AI),
which can improve various stages of this process by automating tasks and increasing the
accuracy and efficiency of model generation and analysis. Future work will test all these
methods on a real-world case study, comparing them to highlight the strengths of each
approach, with the aim to find the most suitable workflow for each case study. One of the
main goals will also be to tackle the interoperability issues, aiming to reduce calculation
times and make the models more detailed and closer to reality.
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Nomenclature

Notation Definition
AMT Advanced modeling tools

AR Augmented reality

BIM Building information modeling
CAD Computer-aided design

CH Cultural heritage

CT Computed tomography

EDM Electronic distance measurement
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FE
FEA
FEM
GNSS
GPS
HBIM
IEC
LiDAR
LoD
MRI
MTLS
NURBS
RMSE
STLS
TLS
UAV
VR
WoS

Finite element

Finite element analysis

Finite element model

Global navigation satellite systems
Global positioning systems
Historical building information modeling
Industry foundation classes

Light detection and ranging

Level of detail

Magnetic resonance imaging
Mobile terrestrial laser scanning
Non-uniform rational B-splines
Root mean square error

Static terrestrial laser scanning
Terrestrial laser scanning
Unmanned aerial vehicles

Virtual reality

Web of Science
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Appendix A

This section presents a table (Table A1) listing the software used for managing point

clouds, for FEM analysis, and for BIM and surface modeling in the articles analyzed.

Table A1l. List of software for “Point clouds manage”, “FEM analysis”, “BIM modelling” and “Sur-

face modelling” and the reference that cites it.

References
Point clouds visualization and processing
Agisoft Metashape (www.agisoft.com) [56]
Autodesk ReCap (www.autodesk.com) [39,67]
3D Studio Max (www.autodesk.com) [39]
3D Reshaper (www.geodeticavolpe.com) [68]
MeshLab [5,59]
Geomagic [59,69]
MeshMixer (www.autodesk.com) [56]
CloudCompare (www.cloudcompare- [56]
org.danielgm.net)
Blender -
InstantMeshes -
Zbrush (Pixologic) [56,57]
Artec Studio 10 professional [12]
(www.artec3d.com)
FEM analysis
Abaqus [59,70]
Midas FEA [13,58]
Robot Structural Analysis -
3D FEM professional (www.sofistik.com) -
Ansys (www.ansys.com) [68,71]
PRO SAP (www.2si.it) [38]
SAP 2000 (www.csi-italia.eu) [67]
DIANA FEA [72]
Hypermesh® [69]
Straus7 (www.straus7.com) -
Solidworks (www.solidworks.com) [73]
BIM modeling
Autodesk Revit [13,38,67,70]
ArchiCAD (www.graphisoft.com) -
Tekla -
Bentley MicroStation (www.bentley.com) -
Dynamo (www.dynamosoftware.com) [74]
Surface modeling
Rhinoceros® [13,38,58,70,75]
Hypermesh® [59]
Blender -

Maya (www.autodesk.com)
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