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Abstract

Structural vulnerability assessment of heritage structures is a pivotal part of a risk mitigation strategy for preserving these valuable
assets for the nations. For this purpose, developing digital twins has gained much attention lately to provide an accurate digital
model for performing finite element (FE) analyses. Three-dimensional (3D) geometric documentation is the first step in developing
the digital twin, and various equipment and methodologies have been developed to facilitate the procedure. Both aerial and
terrestrial close-range photogrammetry can be combined with 3D laser scanning and geodetic methods for the accurate 3D
geometric documentation. The data processing procedure in these cases mostly focuses on developing detailed, accurate 3D models
that can be used for the FE modeling. The final 3D surface or volumes are produced mainly by combining the 3D point clouds
obtained from the laser scanner and the photogrammetric methods. 3D FE models can be developed based on the geometries derived
from the 3D models using FE software packages. As an alternative, developed 3D volumes provided in the previous step can be
directly imported to some FE software packages. In this study, the challenges and strategies of each step are investigated by
providing examples of surveyed heritage structures.
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1. Introduction

Heritage structures are important evidence of our civilizations that should be preserved with the most advanced
available tools as stated by Shabani et al. (2020). The possibility of developing accurate enough digital simulation
models where damage could be predicted would indeed help the restoration process of historic structures, as stated by
Angjeliu et al. (2020), and Shabani, Hosamo, et al. (2021). Geometrical survey and providing more refined 3D
numerical models of cultural heritage (CH) assets are the pivotal steps of developing digital twins’ procedure, as
pointed out by Korumaz et al. (2017) and Shabani, Kioumarsi, et al. (2021).

The interest in the documentation and enhancement of CH has been rising rapidly over the last decades, especially
due to the significant technological advances that can contribute to its protection and promotion. Nowadays, many
researchers explore different methods for documentation, management, and sustainability of CH, which have become
an interdisciplinary approach to the development of the culture, as presented by Tobiasz et al. (2019). Digitization of
CH assets and sites is a broad term that includes quantitative as well as qualitative data acquisition, as stated by
Georgopoulos & Stathopoulou (2017). Within the photogrammetric, computer vision, and robotics communities,
various techniques for 2D, 3D, even 4D data acquisition and digitization have been developed during the past years.
CH assets are still a challenging object due to the complexity of their shape, the variety of their types, the high accuracy
requirements, and the heterogeneity of the end-users.

After performing the geometrical survey and providing the documentation, developing 3D simulation models is the
next step for obtaining the more refined digital twins. Traditionally 3D FE models can be developed in FE analysis
software packages based on the geometric documentation as employed by Bartoli et al. (2016), but recently
automatically or semi-automatically conversion methodologies of the geometric documentation such as point clouds
to 3D FE models are gaining attention, as stated by Panah & Kioumarsi (2021) and utilized by Castellazzi et al. (2015),
Castellazzi et al. (2017), and Bartoli et al. (2020). Obtaining 3D models in computer-aided (CAD) software packages
based on point clouds and importing them to 3D FE models in some of the FE analysis software packages (i.e., DIANA
(2020), MIDAS (2021)) is a conventional method that is used by Pepi et al. (2021) and Kassotakis & Sarhosis (2021).

This study presents a holistic methodology for 3D documentation of cultural heritage assets through geodetic,
photogrammetric, and laser scanning data acquisition and post-processing methods. The 3D textured models, light 3D
models, and cross-sections are the products of the workflow, and their applications are investigated. Furthermore, two
methodologies for developing the 3D FE models were applied to two CH assets. Firstly, the FE model of the Roman
bridge in Rhodes island in Greece was developed using the dimensions derived from the 3D documentation in FE
software. Afterward, the developing procedure of the 3D FEM of the Slottsfjel tower (Slottsfjelltarnet) in Tensberg,
in Norway, is discussed. For making the 3D FE model of the tower, instead of modeling the structure in FE software,
the 3D model was developed in 3D modeling software based on the point clouds and then imported to FE software
and refined for meshing and performing the FE analysis. Furthermore, challenges and strategies through the presented
procedures have been discussed.

2. 3D geometric documentation

This study focuses on the 3D geometric documentation of CH buildings of different historic areas and places around
Europe, in order to provide the necessary products for the vulnerability assessment of the structures, the holistic
approach of CH, and the development of digital twins. For the initial 3D modeling and representation of the CH
buildings, the combination of geodetic, photogrammetric, and laser scanning data acquisition and processing methods
have been applied, as discussed by Kolokoussis et al. (2021).

Digital images were acquired in different ways according to the size, complexity, level of detail, and restrictions
of each monument using both high-resolution full-frame cameras and Unmanned Aircraft Systems (UAS) with low-
resolution multispectral cameras. The data acquisition process using the UAS can be challenging or even impossible
to achieve due to several restrictions. The weather conditions may not make it possible to plan and execute a flight,
the vegetation and terrain may also pose restrictions since the aircraft is not able to fly near any obstacles and high
trees may cover the CH buildings leading to a lack of information. Other parameters that should be taken into
consideration are the flight time limitation of the UAS and mostly the flight restrictions applied by each country, and
the no-fly zones. In order to overcome these restrictions, other methods were applied, such as acquiring the digital
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images with either hand-held cameras or with cameras mounted to a 9-meter-high photographic pole. Moreover,
terrestrial laser scanning has been conducted to accurately determine the surface of the structures and provide
completeness to the point clouds. A local reference coordinate system was set up at each area to conduct the necessary
measurements with the minimum constraints in order to avoid the deformations of the shape or size of each monument
due to the projection.

The standard workflow was followed to process the acquired data as in every documentation process. First, the
digital images were processed using an Image Based Modeling (IBM) software package, where the dense point clouds
were generated and further processed. Then the scanned point clouds were registered, georeferenced, and further
processed to reduce inevitable scanner errors in order to lead to a smoother and more accurate 3D model. Finally, the
dense point clouds from the IBM software were used to fill eventual gaps in the scans and generate the final point
cloud for each CH building. Each point object was converted to a polygon object using the triangulated irregular
network (TIN) method for the representation. The whole procedure of developing the 3D model is presented in Fig.
1.
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Fig. 1. Workflow of the holistic methodology for developing 3D models of the CH assets.

The development of the integrated and accurate 3D models was imperative because these models were used for the
production of all other necessary products, such as 3D textured models, light 3D models, vertical and horizontal cross-
sections etc. The 3D textured models (see Fig. 2. (a)) were primarily used to identify and map the various materials at
each CH building, while they were also combined with Hyperspectral images in order to detect the material loss and
pathology. The light 3D models, as illustrated in Fig. 2. (b) were developed for visualization purposes and were
decimated for this reason. Finally, the cross-sections (see Fig. 2. (¢)) were necessary for the 3D finite element modeling
as well as the production of 2D vector drawings.

(a) (b) (c)
Fig. 2. (a) 3D textured models; (b) Light 3D model of the Nailac tower in Rhodes, Greece; (c) Cross section of the Roman bridge in Rhodes,
Greece.

3. 3D finite element modeling

Masonry is composed of units and joints. The micro modeling approach is considered as the most detailed modeling
strategy in which masonry units and mortar joints are simulated and connected via the interface elements. In the
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simplified micro modeling approach, the units are expanded modeled (unit and half of the thickness of the mortar)
and connected with interface elements by neglecting to model the mortar element independently. The macro modeling
approach is considered as the third strategy that all the components are modeled as a homogenized and composite
material. FE modeling of complex, full-scale structures considering homogenized material for masonry is widely used
for structural vulnerability assessment of architectural heritage assets as highlighted by D’Altri et al. (2020), which is
also utilized for 3D modeling of the case studies in this paper. Lower computational effort and lower input data are
the two main advantages of this modeling strategy compared to micro modeling methods. However, micro modeling
approaches provide more accurate results that can be more representative of the actual behavior of masonry, as stated
by Ferreira et al. (2019).

As a traditional way, geometrical documentation of a structure is provided, and the FEM is developed for the
Roman bridge case study in Rhodes, Greece as illustrated in Fig. 3. (a). The 3D FE model of the stone masonry bridge
is composed of backfill soil, spandrel walls, arches, and parapets as depicted in Fig. 3. (b) and presented by Sarhosis
et al. (2016).

Spandrel
wall

(b)

Fig. 3. (a) The Roman bridge in Rhodes, Greece; (b) Different parts of the 3D FE model of the bridge.

Two plane interface element types are utilized in the model. Firstly, for the boundary conditions, a plane interface
element is utilized with high stiffness in normal and lateral directions and zero stiffness in tension, as stated by Gonen
& Soydz (2021). Another interface contact element is employed to simulate the connectivity of the backfill soil and
the masonry sections (spandrel walls and arches). This interface element is modeled with a tension cut-off strategy to
simulate the zero stiffness in tension, and high stiffness values are considered for normal and lateral directions as
employed by Gonen & Soydz (2021). A high normal stiffness value should be implemented to avoid overlapping of
the backfill soil and the masonry structural media (interpenetration of interface element nodes).

If a connection is defined for a particular shape part, DIANA (2020) interprets that shape part to be disconnected
from all other shape parts unless explicitly defined. It should be noted that by modeling interface elements if three
elements are connected, as illustrated in Fig. 2. (a), three sets of nodes exist at the connection location. Two sets are
connected with the interface elements and another node set is disconnected. Therefore, as illustrated in Fig.4. (a), the
disconnected faces must be tied together by means of unite connections. Unite connections are utilized to connect the
arch and spandrel sections where three sets of coincident nodes exist due to modeling the interface elements to connect
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backfill soil and the masonry parts. Adaptive mesh size of 0.5 m is considered, and FE mesh of the bridge is illustrated
in Fig. 4. (b).

Unite
connection

Interface

(a)

Fig. 4. (a) An example of the assembly of the interface elements and unite connection; (b) 3D mesh of the Roman bridge.

Developing 3D models in a CAD software package is more accurate than the previous method employed for 3D
FE modeling of the Slottsfjell tower in Tensberg, Norway, as shown in Fig. 5. (a). To perform the geometrical survey,
a Topcon 2000 3D laser scanner was utilized. Twenty scans were performed inside and outside of the tower to provide
the 3D point clouds. Point clouds were imported to the ReCap (2021) software and were merged to provide the 3D
dense point clouds, as illustrated in Fig. 5. (b). Afterward, the 3D dense point cloud file was imported to Revit (2021)
software package as depicted in Fig. 5. (¢) and a 3D model of the tower was developed in the versatile environment
of Revit software as shown in Fig.5. (d). Note that for this case study, the digital images were not provided, and the
3D model was developed based on the 3D point clouds from the laser scanners.

(b) © ()
Fig. 5. (a) The Slottsfjel tower in Tonsberg, Norway; (b) 3D dense point clouds in Recap software; (c¢) Imported 3D point cloud to Revit
software; (d) Developed 3D model of the tower in Revit software.

To develop the 3D FEM of the tower, the industry foundation classes (IFC) format of the 3D model was exported,
and by means of the CAD exchanger software, the IFC format file was converted to the standard for the exchange of
product model data (STEP) format which is suitable for importing 3D models with solid elements in DIANA (2020)
software. Imported CAD files may need to be repaired before generating mesh as discussed by Ademi (2020). There
are (unintended) small entities, small edges, duplicate curves, and surfaces, for example, in a model that makes
generating high-quality mesh difficult or even impossible. Three tools are available to remove small entities, clean
and optimize the geometric model in DIANA (2020). The cleaning tool was utilized to find and repair the shapes,
including self-intersecting surfaces, small edges, discontinuities, etc. The geometry was simplified by means of the
optimization tool. Edge inaccuracies were healed, duplicate curves and surfaces, and redundant edges and vertices
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were removed. Furthermore, small entities such as small faces, silver faces (a face with a high aspect ratio and a small
area), gashes (a gash is a set of connected laminar edges where each edge is within the tolerance of the other edges in
the set) etc. were removed using the removal of small entities tool. Fig.6. (a) and (b) show the imported STEP file to
the DIANA (2020) software before and after healing, and Fig. 6. (c) depicts the FEM mesh of the tower with a
maximum mesh size of 0.2 m. Furthermore, the procedure of converting the point clouds derived from the 3D laser
scanners to the 3D FEM is illustrated in Fig. 7.

(a) (b)

Fig. 6. (a) Imported 3D model in DIANA software; (b) Modified 3D FE model of the Tower; (c) 3D mesh of the tower model.

R G D

PRO
CAD Exchanger

Recap Pro Revit BIM DIANA FEA
: —>» (STEP format file of —»
(3D point clouds) (3D model) the model) (3D FEM)
P h \\\\
(3D Laser Scanning ) 3D FEM mesh
b 4

Fig. 7. The workflow utilized for converting the point clouds derived from the 3D laser scanners to the 3D mesh of the FE model.
4. Conclusion

A holistic methodology is presented in this paper for providing 3D documentation of CH assets. Digital images
composing aerial and ground images are imported to IBM software to be processed, and laser scanners are utilized to
provide the point clouds. Georeferencing of data is carried out to avoid the deformations of the shape or size of each
monument due to the projection for both sets of data. Afterward, 3D dense point clouds from the digital images are
processed with the point clouds from the scanners to fill the possible gaps and developing the final 3D point clouds.
3D models are then provided by means of the TIN method. 3D textured models, light 3D models, vertical and
horizontal cross-sections are the production of the 3D models in the previous step. FE modeling of two CH assets is
investigated so that for the Roman bridge, 3D FE models were made in FE software utilizing the dimensions derived
from the light 3D models or the cross-sections. However, in a more efficient way, the 3D model of the Slottsfjel tower
was developed in CAD software based on the point clouds and then imported to the DIANA software. Various tools
exist in the DIANA software to clean, simplify, and modify the imported STEP format files used to prepare the 3D
FE model of the tower. The procedure utilized for making the 3D FE model of the tower is more efficient and accurate
compared to the traditional procure utilized for the bridge. Moreover, the methodology is recommended for developing
the digital twin of CH assets with complex architecture.
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