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1. Introduction

The traditional approach to structural modelling and simulation of historical con-
structions presents numerous difficulties, such as the acquisition of geometric data in
the field, the accuracy of the resulting 3D models or the oversimplification of the struc-
tural models due to the geometric complexity of the work under study. However, the
task of reconstructing, protecting and conserving our heritage has been significantly
facilitated by recent advancements in photogrammetry, which relies on images cap-
tured by Unmanned Aerial Vehicles (UAVs). These advancements also encompass the
development of integrated Building Information Modelling (BIM) models and the en-
hancement of computational performance in modern computers for simulating the struc-
tural behaviour of complex constructions [1-2]. With the growing popularity of UAVs,
commonly known as drones, fields such as engineering and architecture have lever-
aged the opportunity to achieve a high degree of accuracy in the information collected
through photogrammetric flights with UAVs and to address the limitations of traditional
technology for reconstructing buildings or civil works that constitute our historical herit-
age [3]. Similarly, the significant progress made in computers and software facilitating
three-dimensional (3D) modelling has provided an ideal platform for the virtual recon-
struction, conservation and public exhibition of our cultural heritage [4-9].

Since the beginning of the 21st century, significant advancements have taken place
in Terrestrial Laser Scanners (TLS) [10] and UAV photogrammetry [11], greatly facili-
tating the generation of 3D models. Thanks to the combination of modern computers
and photogrammetry [12], it is now possible to use photos taken at various heights and
angles to create 3D models based on point clouds derived from these images.

This process can be accomplished using a variety of computer programs, even
when photos are captured using traditional cameras. This transformation is enabled by
a cost-effective method called Structure from Motion (SfM), developed in computer
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vision, which can convert a series of images taken from different angles into a 3D rep-
resentation [13]. The SfM algorithm generates a point cloud representing the object
under study, along with the position and orientation of the camera photographs. SfM
incorporates stereoscopic techniques from various views (Multiview Stereo Matching)
[14], which produce a 3D structure through the overlap between photographs taken
from multiple locations and angles, related by means of a Scale Invariant Shape Trans-
formation and bundle adjustment. Following this algorithm’s processing, a point cloud
is obtained without scale and in relative coordinates, typically requiring georeferencing
with an official reference system, either through direct methods using geolocation data
from photographs or indirect methods using Ground Control Points (GCP) [15]. Accord-
ing to various studies, the results obtained through the SfM algorithm provide 3D infor-
mation with similar accuracies to those obtained through TLS [16-17]. The morphology
and accessibility of the feature or study area define the most suitable technique: TLS
or UAV photogrammetry [18]. Indeed, one of the primary challenges of TLS is inacces-
sible areas. In such cases, UAVs efficiently and economically facilitate data collection
[19-20]. In addition, a straightforward approach to enhancing results obtained with SfM
photogrammetry is by using oblique photographs, enabling the visualisation of details
that may remain hidden in plain view images, without the need for ground photographs
[21-22]. However, there may also be accessibility challenges for UAVs in small geom-
etries, such as long, narrow corridors.

The development of the BIM model commences with the availability of the dense
point cloud or 3D mesh of the complex under study, along with CAD files, other design
materials or using in-situ measurements.

BIM allows for the collaborative creation and management of a building or civil en-
gineering project throughout its life cycle. Its aim is to reduce time and resources in
asset design, development and management, while minimising errors by centralising
all project information into a digital model produced by all stakeholders [23]. BIM repre-
sents an evolution from traditional plan-based design systems, as it incorporates geo-
metric (3D), time (4D), cost (5D), environmental (6D) and maintenance (7D) information
[24]. Another crucial aspect of BIM is its interoperability, facilitating information sharing
among all project entities (Construction Operations Building Information Exchange). Alt-
hough BIM methodology has been primarily used in the construction sector since the
turn of the century [25], it has recently gained momentum in historical heritage man-
agement and documentation [26-27]. When applying BIM methodology to digitise ex-
isting information about artistic or historical works of heritage value, it is referred to as
Historic Building Information Modelling (HBIM). This term was initially coined by Pro-
fessor Maurice Murphy of the Dublin Institute of Technology [28]. The primary goal of
HBIM is to obtain BIM models of existing buildings, modelled from parametric objects
containing various types of information that can be easily updated, replaced or aggre-
gated. The implementation of HBIM undoubtedly facilitates the dissemination of built
heritage. However, since each building is unique and may have anomalies in morphol-
ogy and constituent materials, the application of this methodology to historical recon-
struction depends on the specifics of each building. For the creation of these models,
historical information on the building, in addition to data provided by TLS or photogram-
metry for model digitisation, is of great assistance. This process, known as ‘Cloud-to-
BIM’ or ‘Scan-to-BIM’, allows for the realistic reconstruction and visualisation of the
modelled building [29-32]. The quality of the model will be related to the level of detail
aimed for during the modelling phase. In the case of heritage elements in a dilapidated
state, this level will also depend on the existing information on geometry and other orig-
inal features. The ability to employ Finite Element Models (FEM) to replicate the struc-
tural behaviour of buildings is one of the primary challenges currently confronting the



3D digital modelling of our heritage. ‘BIM-to-FEM’ refers to the process of converting a
BIM or HBIM into a structural FEM [33-34]. Indeed, with the increasing development of
interoperability between BIM models, the same model can serve multiple purposes,
with structural analysis being one of them. Specific BIM plugins exist for generating
FEMs, such as CSiXRevit. Although exchanging information between a 3D architectural
model and its corresponding FEM may appear straightforward, when dealing with com-
plex geometries, the current software interoperability does not always allow for discreti-
sations compatible with elements readable by the main calculation programs
(Staad.Pro, SAP2000, SOFiSTiK, Robot, etc.). Therefore, it is crucial that from the out-
set of the modelling phase the analyst considers not only the accurate reproduction of
the assembly but also the fulfilment of the requirements necessary for generating a
correct FEM, distinguishing between small irregularities and complexities that may in-
fluence structural behaviour and those that are inconsequential [35].

The aim of this project is to develop an HBIM of the Twenty Eyes Aqueduct
(Acueducto de los Veinte Ojos) in the wadi of Carcauz, situated between the munici-
palities of Felix and Vicar (Almeria), using a point cloud acquired through UAV photo-
grammetry. This endeavour will enable a thorough analysis of the aqueduct’s structural
behaviour and serve as a starting point for future research into recovery and conserva-
tion strategies. This process is summarised in the innovative two-step methodology
termed Cloud-to-BIM-to-FEM.

2. Materials and methods

The methodology employed in this study is founded on the examination of historical
data and the precise location of the Carcauz Aqueduct. Additionally, a survey of the
current condition of the aqueduct was devised, accomplished through UAV photogram-
metry. Using this data, an HBIM of the heritage structure was generated, employing
specific software for processing photogrammetric data (Agisoft Metashape) and for de-
signing the HBIM (Autodesk Revit 2022). The accuracy of the BIM model was verified
using geometric validation software (CloudCompare). Finally, the 3D geometry of the
BIM model was converted into shell elements (2D finite elements) compatible with the
software used for structural analysis (SAP2000), wherein the structural behaviour of the
aqueduct is assessed. The workflow employed for the creation of this document is out-
lined in Figure 1.

2.1. Study site

The Carcauz Aqueduct is a hydraulic structure stretching approximately 3.2 km
along the slopes of the Carcauz-Casablanca wadi. Situated on the southern slopes of
the Sierra de Gador in southeastern Spain, it lies within the province of Almeria, bor-
dering the municipalities of Vicar and Felix [36].

This study focuses on the Twenty Eyes Aqueduct, a component of the hydraulic
complex mentioned above, as depicted in Figure 2. The coordinates in UTM projection,
Huso 30 N and ETRS89 datum for the location of the aqueduct are as follows:

- Southwest (526.450, 4.075.645)
- Northeast (526.470, 4.075.688)
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2.2. Historical information

Although the aqueducts documented by Gil Albarracin have been assigned a Ro-
man origin, this dating is controversial, or at least doubtful, as it is based solely on the
chronology of the surrounding sites. The construction characteristics, such as con-
creted masonry, the presence of mechinales (drainage elements) and stucco cladding,
are more typical of the Islamic Middle Ages. However, it is plausible that the aqueduct
existed during Roman times and underwent repairs or expansion at later periods [37].
The irrigation infrastructure has been extensively described and studied from historical
and construction perspectives [36-39]. Alternatively, some historians propose an 18th-
century construction date for the aqueduct [38]. The aqueduct can be regarded as one
of the most valuable elements of popular civil engineering in the region, despite its need
for improved conservation. Figure 3 shows the current state of the aqueduct.

Figure 3. Current conservation state of the aqueduct.

Recently, on 23 June 2022, the Regional Ministry of Culture and Historical Heritage
initiated the procedure for inscribing the aqueduct in the Catalogo General del Patrimo-
nio Historico Andaluz (CGPHA) as a heritage asset of cultural interest (Bien de Interés
Cultural, BIC), with the typology of Monument, granting it the highest degree of protec-
tion.

2.3. Structural description

Above the bed of a tributary of the Carcauz wadi, one can catch a glimpse of the
acqueduct arcade popularly known as the Aqueduct of the Twenty Eyes which stretches
over a length of 42 m and reaches a maximum height of 9.50 m above the tributary bed.
This monument is strategically positioned in a narrowing of the ravine, effectively main-
taining the water level at approximately 370.8 m above sea level. The aqueduct derives
its name from the 20 arches comprising its elevation. The following components of the
aqueduct can be distinguished:

The base and foundations: these consist of the rocky outcrops of limestone of the
ravine.
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The elevation or arcade: this features three levels and twenty vaults formed by sem-
icircular arches.

The arch on the first level, positioned at the midpoint of the structure, facilitates the
passage of water of the stream through the vertical wall of the aqueduct. It stands at
approximately 1.70 m from the ground to the keystone, with a span of 2.30 m. A wall is
built on top of it, which is 1.12 m high above the lowest arch. Above the aforementioned
first level, which rests on the limestone walls of the riverbed, a second level is defined
by seven rectangular-section piers, ranging in dimension from 1.75 to 1.96 m in length
and 0.80 to 1.0 m in width. These piers support eight arches of similar height. Notably,
the central arch was modified by adding another arch at mid-height, approximately 1.0
m above the wall, to reinforce the structure. The third level consists of nine rectangular-
section piers, measuring about 60 cm in length and 0.80 to 1.0 m in width, supporting
10 arches and their accompanying walls until they merge with the limestone walls of
the ravine. These arches vary in height from 1.05 to 1.35 m and in span from 2.17 to
2.58 m, with the northernmost arch being the smallest. It seems likely that these arches
were reconstructed at some point in the past, either due to damage from the passage
of time or erosion caused by seismic tremors. At the crown of the aqueduct lies the
water channel, with a base width ranging from 30 to 40 cm and a height of approxi-
mately 34 cm, contrasting with the 60 cm width of the irrigation channel before it enters
the arcade. Notably, sediment has settled on the channel’s bottom, suggesting potential
modifications to the channel at a later date. The channel walls are constructed of ma-
sonry with lime mortar and are approximately 25 cm thick at the edges [40].

2.4. Photogrammetric survey of the aqueduct’s current state

2.4.1. Topographic survey for subsequent geo-referencing of photogrammetric out-
puts

A traditional topographic survey was conducted using a Global Navigation Satellite
System (GNSS) to accurately geo-reference the photogrammetric project and evaluate
the obtained results. The survey resulted in a total of 14 targets distributed across the
study area, as depicted in Figure 4c. These targets, shown in Figure 4a, were A3 format
(420 mm x 297 mm) and divided into four quadrants, with two quadrants coloured or-
ange and two black. The 3D coordinates of these targets were measured using a GNSS
receiver operating in Real Time Kinematic (RTK) mode and receiving differential cor-
rections from a base station located at the north end of the aqueduct, as illustrated in
Figure 4b. Prior to this, the base station was statically positioned, and its coordinates
were determined using differential corrections from the Calar Alto Station of the RAP
Network (Andalusian Positioning Network) for a duration of 10 minutes. This network
offers high-precision positioning across the entire Andalusian territory through free ser-
vices of differential corrections and Receiver Independent Exchange Format (RINEX)
files. In RTK mode, both the GNSS base and receiver receive readings from different
satellite constellations, maintaining a constant data link between them in real-time, dif-
fering from the kinematic post-processing (PPK) mode.

The GNSS receiver and base station used were Emlid Reach RS2 systems. For
RTK mode measurements, this multi-band geodetic receiver provides a manufacturer-
stated accuracy of £7 mm +1 ppm for horizontal RMS and +14 mm +1 ppm for vertical
RMS. Considering the distance between the base station and the study area was ap-
proximately 50 m, the horizontal and vertical errors are estimated to be around 7 mm
and 14 mm, respectively.



Figure 4. (a) Targets used in this study. (b) GNSS base. (c) Distribution of targets across the study
area.

2.4.2. Image acquisition

The images used in this project were captured using a four-rotor DJI Phantom 4
RTK UAV drone. This UAV is equipped with both GLONASS and GPS navigation sys-
tems. Additionally, it features front, rear and bottom vision systems that enable obstacle
avoidance within a range of 0.2 to 7 m, as well as surface detection under defined
patterns and adequate illumination. The Phantom 4 RGB camera has a 20-megapixel
(5472 x 3648) 1-inch sensor, which can be manually adjusted from F2.8 to F11. The
lens offers an 84° field of view and a fixed focal length of 8.8 mm.

The photogrammetric flight was autonomously planned and executed using the DJI
GS RTK app. This application enables the implementation of double-grid 3D photo-
grammetric flights, ensuring that images of the subject are captured from various angles
and inclinations. Figure 5 illustrates the trajectory followed by the drone during the pho-
togrammetric flight. The flight, which included a total of 315 photos, was scheduled to
take place at a height of 40 m from the take-off point, positioned on the north side of
the aqueduct. This configuration yielded an equivalent Ground Sample Distance (GSD)
of 1.22 cm/pixel. In order to enhance the precision of the photogrammetric project, the
aircraft was configured to capture oblique images at a 45-degree angle as well as zenith
images. Adjustments to the shutter speed were made to minimise the blurring effect on
the photos, taking into account factors such as flight altitude, UAV speed and lighting
conditions during the flight. The camera was activated every two seconds, and the flight
speed was regulated to achieve a longitudinal and transverse overlap of 70%.

Once the flight concluded and the photographs were downloaded, the geolocation
data of the cameras was corrected to enhance accuracy. For this purpose, the UAV’s
RTK system allows for the preservation of satellite observation information for PPK. In
this instance, RINEX data at 1-second intervals, provided by the Calar Alto Station of
the Andalusian RAP Network, served as the basis for corrections. Atygeo V1.8 software
was used for this procedure, as it enables the correction of photo metadata from base
observation and navigation files, as well as from the drone navigation file (.obs).
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Figure 5. Flight path performed by the drone.

2.4.3. Photogrammetric process

Once the geolocation data from the cameras had been corrected, the photogram-
metric process was carried out using Agisoft Metashape Professional© version 1.8.2
software. This software conducts the photogrammetric process in multiple steps using
the SfM algorithm. Initially, the software identifies and matches homologous points
across all photos to align them. During this process, the focal length value of the camera
(extracted from the EXIF data of the photos) serves as the starting point for estimating
internal and external camera parameters, including non-linear radial distortions. This
step was conducted with high accuracy settings for this study. When the program con-
cludes, it produces a sparse point cloud that includes the geometry of the aqueduct
environment, each camera’s specific position, orientation and an estimated set of cali-
bration parameters. Using the geolocation data of the photographs taken by the drone,
the resulting point cloud is directly georeferenced. However, this georeferencing is of
low accuracy, and the use of GCP is required to improve it. At least three control points
are necessary to enhance this accuracy [41-42], increasing it by using a higher number
of control points. Seven (even numbers) and seven (odd numbers) of the 14 targets
that were set during fieldwork will be used as GCPs and quality check points (CPs) for
the completed work, georeferencing the point cloud in the ETRS89 datum and UTM
Huso 30N projection. The software reoptimizes the camera calibration model and ad-
justs the resulting sparse point cloud after receiving the GCP to be used. Subsequently,



any anomalous points that may have emerged in the model are manually removed to
create a dense point cloud comprising 11,779,429 points, thereby densifying the sparse
point cloud. A highly detailed, dense point cloud constitutes the final product.

From this dense point cloud, various products can be derived, including: the trian-
gulated mesh of the surface, onto which the texture obtained from the photographs can
be applied; the Digital Surface Model and elevation model; an orthophoto of the envi-
ronment; or the XYZ coordinates in .txt format of each point comprising the dense cloud
created. It should be noted that a classification of the dense point cloud was carried
out, combining the internal classification algorithm implemented in the Agisoft
Metashape software with manual classification of certain points, such as those belong-
ing to the aqueduct. Three classification groups were established: terrain, vegetation
and aqueduct. Subsequently, the points classified as aqueduct were exported in .las
format, serving as a foundation for the generation of the HBIM.

2.5. 3D modelling using HBIM methodology

The BIM of the aqueduct was conducted in Autodesk Revit 2022, one of the most
widely used BIM software in the world [25]. Agisoft Metashape and Autodesk Revit 2022
can be interconnected through the use of Autodesk ReCap, an additional program nec-
essary for the Cloud-to-BIM process.

Prior to converting the project file to .rcs format, which is a point cloud format read-
able by Autodesk Revit, the dense point cloud obtained through UAV photogrammetry
must be imported into Autodesk ReCap in .las format, containing the point cloud clas-
sified as an aqueduct. The point cloud imported into Autodesk Revit is depicted in Fig-
ure 6.

Figure 6. Point cloud imported into Autodesk Revit.

The incorporated information comprises a cloud with thousands of points and their
associated RGB colour, showcasing the details of the actual aqueduct, from irregulari-
ties in the morphology of the vaults of the arches to variations in the thickness of the
walls or their collapse along the aqueduct’s directrix.

This allows us to use the visualised point cloud as a guide and reference to establish
the parametric model. To complete the modelling, it was not necessary to generate
libraries of parametric objects specific to the aqueduct.

Although Revit lacks automated recognition of 3D geometry from the point cloud, it
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does offer tools to generate 3D objects with commonly used geometries in today’s con-
struction industry [43]. While these tools may not be typically suitable for modelling his-
torical heritage [44] due to their specific geometries (such as ribbed vaults, cornices
and lintel ornaments), they are appropriate for the HBIM intended to be generated in
this work. In recent years, significant efforts have been made to generate 3D geome-
tries through automatic point recognition. Before proceeding with the aqueduct model-
ling, it is essential to define the level of detail to be achieved, which closely aligns with
the research objectives and required precision level.

From a graphical standpoint, three degrees of model definition can be distinguished:
Grade 1 (Coarse), Grade 2 (Medium) and Grade 3 (Fine) [45].

The aim of this paper is to create a FEM for the aqueduct’s structural analysis, so
reaching a 3D representation level between Grades 1 and 2 will suffice. According to
the terminology established by the American Institute of Architecture, we can set the
Level of Development (LOD) of our BIM model between levels LOD200 and LOD300.
This choice is based on simulating the aqueduct using a structural wall with a constant
thickness of 0.90 m, leaning towards safety for the ensuing structural analysis.

Once the structural wall has been created, referencing the plan layout of the aque-
duct, we proceed to open the aqueduct’s eyes using the empty and cutting shapes tool
to subtract the ‘eyes of the aqueduct’ from the main modelled volume. This ensures
seamless interoperability between the parametric objects of the BIM model and their
transformation into finite element shells for use in the structural calculation software.

2.6. Validation of the fit between point cloud and HBIM

To validate each parametric object created for the HBIM, it is essential to measure
the distances between the point cloud of the photogrammetric model and the mesh of
the parametric object. For this validation process, the Autodesk Revit model was ex-
ported in .obj format, and together with the .txt file containing the point cloud of the
aqueduct obtained from Agisoft Metashape, imported into the CloudCompare software
[46]. Using the "Cloud to Mesh Distance" command in CloudCompare, the distance
between both elements can be calculated. Since there is no common criterion among
existing scientific literature for HBIM validation [47], the following criteria, as per Mar-
tinez-Carricondo et al. [48], were established in this research:

e The mean distance between points should be close to 0 m (between -0.10 m and
0.10 m).

e The standard deviation of the distance between points should be less than 0.10
m.

2.7. From building information modelling (BIM) to Finite Element Modelling
(FEM)

FEM is a numerical approximation method derived from the Matrix Method, transi-
tioning from a ‘discrete’ to a ‘continuous’ mode. The accuracy of the FEM hinges on the
size and shape of the elements into which the part is discretised. Moreover, the inclu-
sion of 2D and 3D elements provides significantly higher accuracy in result derivation
compared to a model solely comprised of 1D bars.

FEM is mathematically more complex than other linear methods, such as the matrix



method. However, it offers greater precision and, notably, enhanced capacity to model
structures beyond the scope of bar elements. While its mathematical manipulation may
be cumbersome, we are fortunate to have numerous software applications capable of
swiftly generating and solving the numerical equations inherent in this method. This
allows designers to discern the true behaviour of their structures, reducing their work-
load to inputting initial data and analysing results. For this project, the SAP2000 soft-
ware developed by Computers & Structures, INC. was used.

The objective of this research was to develop a FEM to enable the study of the
structural behaviour of the Twenty Eyes Aqueduct.

To achieve this, it was imperative to convert the HBIM into a 3D model with geo-
metric elements compatible with SAP2000. This software was selected because it al-
lows the import of solid 3D elements or 2D shells geometry, followed by discretisation
or meshing. Given the linear nature of the structure in this project, it was decided to
model it using 2D shell-type elements. The primary advantages of this approach include
minimising structural calculation times and simplifying stress analysis.

Starting from a 3D HBIM to generate the finite element calculation model saves
considerable time in the development phase of the FEM. Additionally, it leverages the
advantage of having greater detail compared to the typical simplified models often
adopted for such purposes [35]. The process to generate the FEM involved several
steps. First, the BIM model of the aqueduct was exported to .dwg format for further
processing in AutoCAD 3D. The resulting product consisted of polyface meshes defin-
ing the entire geometry. The polyface meshes were then subdivided into smaller sec-
ondary meshes, both horizontally and vertically, each bounded by four edges. To
achieve the desired final discretisation size for accurate structural analysis, the aque-
duct was manually divided into 10 sections.

Finally, these secondary meshes were decomposed into ‘Cara 3D’ elements, facili-
tating their import into the SAP2000 software as ‘shell’ elements.Once the 3D face ele-
ments were imported into SAP2000, the FEM depicted in Figure 7 was obtained, con-
sisting of 4,170 area or shell elements. To control the model’s complexity and ensure
efficient computational performance, the average mesh size was set to less than 0.50
m, guaranteeing high-quality results.

Figure 7. Model imported into SAP2000.

Once the geometry of the model is available in SAP2000, it is essential to input all
the required initial information for the software to perform the calculations.

This includes defining the mechanical properties of the stone-mortar assembly con-
stituting the aqueduct, specifying the external loads acting on the structure and estab-
lishing the boundary conditions affecting its structural behaviour, particularly its support
on the ground.
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2.7.1. Characteristics of the materials

The masonry construction of the Twenty Eyes Aqueduct consists of a series of stone
pieces assembled and bonded with mortar. The composition of the masonry primarily
comprises the characteristics of the stone pieces and mortar, the latter sometimes be-
ing absent [49]. For this study, no destructive characterisation tests were conducted on
the aqueduct structure. Instead, a visual and geological analysis of the area was per-
formed. Considering the limestone nature of the rock found in the ravine of the Carcauz
wadi, the properties of the stone material constituting the aqueduct were estimated. The
mechanical properties of the masonry were determined based on its elastic modulus,
Poisson’s coefficient and the specific weight of the material.

According to J. A. Martin Caro [49], the specific weight of imestone ranges between
20 and 26 kN/m®. However, the specific weight of the masonry composite material is
determined by the weighted average of the components based on their respective pro-
portions in volume. Considering that in stone masonry constructions, the volume of
mortar is significantly lower than that of stone, we can estimate the specific weight of
the composite material to be 20 kN/m?, adopting a conservative value. The modulus of
elasticity (E,) of limestone falls between 17,000 and 76,000 N/mm?, with a Poisson’s
ratio ranging from 0.15 to 0.20. For lime mortar, a modulus of elasticity (E,,) is consid-
ered to be between 400 and 2000 N/mm?, with a Poisson’s ratio of 0.2. While mortar,
being less rigid, primarily contributes to the masonry’s deformability, understanding the
modulus of elasticity of both components is important, as it influences the composite
material’s behaviour. Equation 1 provides an indicative value for the longitudinal defor-
mation modulus (E) of the part-mortar assembly.

E =0,50E, =0,5+* 17000 N/mm?* = 8500 N/mm? W)

A Poisson’s ratio of 0.15 will be adopted for the entire masonry structure.

2.7.2. Structural loads

Below are descriptions of all the actions acting on the aqueduct, along with justifi-
cations for the values adopted and an analysis of the suitability of the loads taken into
account:

e Permanent loads: the dead weight of all masonry elements was calculated based
on their geometrical characteristics, considering a specific weight of the masonry
of 20 kN/mé.

e Variable loads: treating the aqueduct as a vertical wall with several openings sub-
jected to wind action, wind pressure was calculated following Eurocode 1 (UNE
1991-1-4:2005), resulting in a value of wind pressure on the external surface:

w, ~ 1,00 kN /m?

This action was applied to both facades of the aqueduct, acting in one direction
for the ‘Wind +’ scenario and in the opposite direction for the ‘Wind -’ scenario.

e Accidental loads: Seismic action was considered by conducting a modal-spectral
analysis with SAP2000, following the recommendations of the Seismic Resistant
Standard NCSE-02.



2.7.3. Combination of loads

The load hypotheses considered are formed by combining the calculation values
of the actions whose effects may be simultaneous (concomitant actions), according to
the general criteria prescribed in the Technical Building Code of the Spanish Ministry
of Housing, for both Ultimate Limit States and Serviceability Limit States.

The following table shows the combinations of load assumptions for the Ultimate
Limit States of Stability and Strength of the aqueduct (ELU) and the Serviceability Limit
States of Deformation (ELS), indicating the coefficients of action magnification. For
stability checks, the global loads provided by the software for each individual scenario
were used.

2.7.4. Boundary conditions

The aqueduct rests directly on the rocky outcrops visible in the riverbed, as deter-
mined by the field visit and visual inspection of the aqueduct foundations. Additionally,
a continuous footing, also composed of masonry, could have been laid at those valley

locations where there was a superficial layer of fill.

Table 1. FEM calculation combinations

Simple hypotheses Analysis
Combination Dead- Wind Wind Seism Seism
weight X+ X- X Y

1-ELU 1,35 1,50 - - - Resistance

2-ELS 1,00 1,00 - - - Deformations

3-ELU 1,35 - 1,50 - - Resistance

4-ELS 1,00 - 1,00 - - Deformations

5-ELU 1,00 - - 1,00 0,30  Resistance and
Deformations

6-ELU 1,00 - - 0,30 100 ~ hesistanceand

Deformations

ELU = Ultimate Limit States of Stability and Resistance
ELS = Deformation Service Limit States

Based on observations, the foundation of the aqueduct base appears to be between
that of a simple support and an embedment. Given that a significant portion of the ag-
ueduct wall is inserted into the limestone rock massif, it makes sense that contour con-
ditions would be used throughout the entire lower edge of the aqueduct model to simu-
late an embedded support in order to reach the level of analysis required for this inves-
tigation. In order to fulfil the purpose of the present work, it was sufficient to analyse the
model described with the boundary conditions of embedment at the base of the aque-
duct.
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3. Results

3.1. Results of the photogrammetric process

In the established workflow, the first results we obtained were those of the point
cloud of the aqueduct area. The accuracy of the photogrammetric project is shown in

Table 2, where the error obtained in each CP is displayed.

Table 2. Errors obtained in the Check Points (Agisoft Metashape Report)

Check Error in X . . Total error Image Er-
Point (cm) ErrorinY (cm)  Errorin Z (cm) (cm) ror (pix)
0.311
2 1.66399 -3.1027 0.0259657 3.52084
(188)
0.257
4 0.341269 -3.91809 157669 4.2372 o)
6 -1.25744 2.02388 -0.218058 239265 ((’éﬁ%?
8 -1.44521 1.09357 -2.4372 3.03718 0.292
(219)
0.297
10 2.0657 123115 -2.28027 3.31397 o
12 0.482149 -1.82293 -1.0632 216471 0.301
: : : : (207)
14 1.22377 -4.85691 1.01957 5.11143 0.277
(169)
Total 1.3391 2.89577 1.50445 3.52733 0.286

3.2. Results of the HBIM

In the established workflow, after classifying the points of the cloud in Agisoft
Metashape and exporting the points classified as ‘aqueduct’, a point cloud with a total
of 284,779 points was obtained and imported into the Autodesk Revit software for the
creation of the HBIM.

According to the methodology described in the previous section, the geometric char-
acteristics of the aqueduct were modelled using the point cloud as a guide.

Figure 8 shows the model created in Autodesk Revit 2022 and its overlay with the
point cloud.

3.3. Results of the HBIM validation

Once the HBIM was created, it was necessary to validate the accuracy of the ad-
justment made in relation to the point cloud. Figure 9 shows the results of the compar-
ative analysis between both elements carried out using the CloudCompare software.
The mean of the differences detected between the HBIM object created and the photo-
grammetric model (point cloud) is 0.022 m, with these differences centred in the major-
ity of points within the range of -0.10 m to 0.10 m. The standard deviation obtained is
0.08 m. The results are represented on a colour scale that highlights the differences,



with points showing the worst correspondence in red and those with the best represen-
tation in the generated model in green.

Figure 8. Model created in Autodesk Revit 2022 overlaid with the point cloud.

3.4. Results of the structural calculation

The last step in the workflow described in section 2 is the generation and analysis
of the FEM. This analysis was carried out by a computer with Intel(R) Core (TM) i7-
8700K CPU 3.70GHz and 16 Gb RAM in a time of eight seconds. The model is com-
posed of 4,627 points and 4,170 area or shell elements. After analysing the stability of
the assembly in the event of overturning and sliding, the tensile and resistant behaviour
of the masonry and the deformations produced in the vertical wall of the aqueduct, the
following results were obtained. The stability of the construction was determined by
calculating the coefficients of safety against overturning (CSV) and sliding (CSD), as-
suming that the assembly behaves as a rigid solid.

The following reactions were obtained from the calculation model in SAP2000:

The overall Z-reaction due to the self-weight of the aqueduct is 2979.4 kN.

e The overall reaction in the X-direction (perpendicular to the aqueduct wall) due to
the wind effect is 163.3 kN.

e The overall reaction in the X-direction (perpendicular to the aqueduct wall) due to
the effect of seismic activity is 447.9 kN.

e An average height of h = 3.40 m was determined for each section of the aqueduct,
which is the position at which the forces resulting from wind and earthquake are
applied for the purposes of the stability checks. A coefficient of friction between the
ground and the structure of y = 0.55 was estimated. Furthermore, the aqueduct
wall has an average thickness of 0.90 m.

A CSV and a CSD value were found for the most unfavourable stability combination
involving wind action:

1
Stabilising momentums 29794 kN 5% 0,90 m

CcSV = =
Destabilising momentums 163,3 kN * 3,40 m

=241

Stabilising strengths B 2979,4 kN = 0,55

¢Sb = Destabilisng strengths 163,3 kN

= 10,03

125

CONSERVATION SCIENCE IN CULTURAL HERITAGE



J.M. Casimiro-Berndrdez, P. Martinez-Carricondo, F. Agiiera-Vega, F. Carvajal-Ramirez - FEM structural analysis from UAV photogrammetry projects

126

Figure 9. Validation of the HBIM of the aqueduct in CloudCompare.

For the worst-case stability combination involving earthquake action, a CSV and a
CSD value were obtained:

1
Stabilising momentums 29794 kN * 7% 0,90m
Destabilising momentums T 4479kN *3,40m

CSV = =0,88

_ Stabilising strengths 29794 kN * 0,55
" Destabilisng strengths ~  447,9 kN

CSD = 3,66

To analyse the structural stress and resistance of the aqueduct, without being ex-
haustive, the stresses induced in the aqueduct walls were extracted from the SAP2000
model according to the combinations indicated in section 2.7.3.

For the simple deadweight hypothesis, the following horizontal (Figure 10) and ver-
tical (Figure 11) axial stresses were obtained:

In Figure 11, a maximum compression value of -315.8 kN/m is observed, with prac-
tically zero tensile stresses.

The horizontal actions of wind and earthquake are mainly characterised by bending
and shear forces at the base of the aqueduct wall. For the combinations that consider
the action of wind (1-ELU and 3-ELU), the forces obtained in the shell elements in which
the aqueduct has been discretised are those shown in Figure 12 (moments) and Figure
13 (shear). For the combinations that contemplate the action of the seismic activity (5-
ELU and 6-ELU), the stresses obtained are those shown in Figure 14 (moments) and
Figure 15 (shear).

In Figure 10, a maximum compression value of -65.6 kN/m and a maximum tensile
value of 79.7 kN/m can be observed.

In Figure 12, a maximum bending moment at the base of the aqueduct of 37.1
kN*m/m is observed.

In Figure 13, a maximum shear value of 15.6 kN/m is observed.



In Figure 14, a maximum bending moment at the base of the aqueduct of 133.2
kN*m/m is observed.

In Figure 15, a maximum shear value of 47.8 kN/m is observed.

Figure 10. Horizontal axial stresses due to deadweight.

¥ 8 8 E 8

ke 2 E
[ = ]

Figure 11. Vertical axial stresses due to deadweight.

Figure 12. Bending stresses for the 1-ELU combination.
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Figure 13. Shear stresses (Vmax) for the 1-ELU combination.

Figure 14. Bending stresses for the 5-ELU combination.

Figure 15. Shear stresses (Vmax) for the 5-ELU combination.

Finally, the resulting deformations in the structure due to the combinations consid-
ering the action of wind in the Serviceability Limit State (2-ELS and 4-ELS) and earth-
quakes (5-ELU and 6-ELU) are presented.

Figure 16 shows a maximum aqueduct crown displacement of 1.6 mm.
Figure 17 shows a maximum aqueduct crown displacement of 6.2 mm.



Figure 17. Horizontal offsets for the 5-ELU combination. Scale increased by x500.

4. Discussion

The maintenance of antique infrastructures, particularly those lacking original pro-
ject documentation, presents a significant challenge, as previously noted. Regardless
of the infrastructure type, understanding its structure is crucial for effective maintenance
and to ensure operational functionality throughout its lifecycle, as seen in various envi-
ronments such as ports and maritime settings [50]. In cultural heritage elements like the
one examined in this study, analysing structural stability is paramount to prevent infra-
structure collapse. The reverse engineering process conducted through UAV photo-
grammetry or laser scanning has been applied in numerous building restoration projects
[51-53]. However, this study added complexity by requiring precise modelling of the
arches’ eyes, necessitating the use of oblique images and flights in various directions
and at different altitudes.

4.1. Accuracy of the photogrammetric project

The values obtained in the photogrammetric project align with several practical ap-
plications examined by Clapuyt et al. [54], who compared 10 cases of 3D topographic
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reconstructions based on the SfM algorithm under conditions similar to those at the
aqueduct site. Additionally, other studies which focused on historical heritage have tol-
erated errors of up to 15 cm [30, 48], with accuracy typically measured within a cm.

In this research, the total error in the georeferenced model is 3.53 cm and is con-
sidered sufficiently accurate for the type of analysis conducted, even comparable to
results achievable with TLS analysis [17].

4.2. Use of oblique images

The enhancement of accuracy and detail in point clouds acquired through UAV pho-
togrammetry with oblique photography has been demonstrated in numerous studies
[65, 56]. In this study, the photogrammetric project used photographs captured at a
close distance to the object, with camera tilt angles of 45° and 90°, eliminating the need
for ground photographs. These conditions resemble the approach in a study of the
Piedmont monastery in Italy [55], where high accuracy was also achieved. Undoubt-
edly, the use of photographs taken at varying angles proved beneficial in obtaining a
more precise point cloud of the aqueduct.

4.3. Accuracy of the HBIM

According to the specific scientific literature, there are no established accuracy limit
values for HBIMs created through a point cloud. The level of accuracy should be se-
lected based on the type of intervention or analysis to be conducted, aiming to generate
a model that is easy to manage and interpret [2]. In this study, limits were set to ensure
the accurate structural interpretation of the aqueduct model and to facilitate the trans-
formation from the HBIM to the FEM without significant simplification. Most observed
differences do not exceed 10 cm, primarily resulting from default assumptions, such as
considering smaller structural sections than those actually present, ensuring a con-
servative approach in analysing the structural behaviour. Additionally, factors such as
landslides and material accumulations in the aqueduct’s eyes, while not structurally
significant, contribute to minor adjustment differences in some areas.

4.4. Accuracy of the FEM

The accurate representation of the aqueduct’'s geometry in the HBIM poses chal-
lenges in creating an exportable object readable by SAP2000 calculation software.
Therefore, certain aspects, such as the variability in wall thickness and observed over-
hangs, were simplified to facilitate information exchange between software platforms.
These simplifications, while necessary for interoperability, were implemented with min-
imal impact on the analysis results, prioritising safety in structural analysis and main-
taining high geometric accuracy in the model. Interoperability issues encountered be-
tween Autodesk Revit and SAP2000 led to the development of the FEM using Autodesk
AutoCAD 3D software, an area of ongoing research to enable automated transitions.
The average mesh size in the FEM was deemed adequate for this study, with the max-
imum distance between nodes on the same edge of shell elements not exceeding 50
cm.

Finer meshing may not significantly alter conclusions [57-58] but would increase
computation times, so larger elements were maintained for efficiency.



4.5. Structural behaviour of the aqueduct

Based on the assessment of the aqueduct’s stability against external forces, it ap-
pears that the structure is adequately resistant to wind and gravitational forces, mitigat-
ing both overturning and sliding risks. However, its stability against overturning would
be compromised in the event of a seismic disturbance. According to the Ministry of
Housing’s CTE standards, the CSV coefficient should exceed 2, while the CSD coeffi-
cient should surpass 1.5. However, the obtained CSV value for seismic actions is 0.88,
falling short of the unit and significantly below the CTE requirement. Consequently, fur-
ther investigation into potential reinforcement strategies for the monument is needed to
ensure its stability under various scenarios specified by existing regulations.

Regarding the distribution of stresses induced in the aqueduct due to its own weight,
the model’s outcomes are consistent. Horizontal compressions are evident in the arch
vaults, while vertical compressions are observed in the piers, with their magnitude in-
creasing towards the base. This aligns with the typical structural behaviour expected
from such constructions. Regarding the maximum axial forces resulting from the aque-
duct’s weight, it is noteworthy that the compressive stresses observed in the masonry
are considerably lower than the characteristic compressive strength of both limestone
(ranging between 25 and 130 N/mm?) and lime mortar (between 0.5 and 2 N/mm3).
Similarly, tensile stresses are also notably lower than the tensile strength of the stone,
which various sources estimate at around 5% of the characteristic compressive strength
[49].

_N__ 3IS800N

Tcompress = 1= 1000 mm 900 mm 00 N/mm
N 79700

= 0,089 N/mm?*

Otensile = 4~ 1000 mm = 900 mm

Where:

o: Stress (N/mm?)

N: Axil stress (N)

A: Section area (mm?)

However, to derive accurate conclusions regarding the resistance behaviour of the
aqueduct, it is essential to analyse the design combinations in greater detail, consider-
ing the effects of wind and earthquake. An approximation of the maximum compressive
stresses to be endured by the critical section of the aqueduct can be made by applying
the Navier formula for sections subjected to bending and axial force:

N Mxy
=—+
A™ 1

ag

Where:

o: Stress (N/mm?)

N: Axil stress (N)

A: Section area (mm?)

M: Bending moment (N*mm)

y: Distance from the neutral axis to the most compressed fibre (mm)
I: Inertia of the section (mm?*)

In the seismic scenario, which results in the maximum bending moment at the base
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of the aqueduct, there would be an increase in compressive stresses within the section
due to the magnitude of the bending moment:

_ M=y 1332kN*mx*10°* 450 mm

; = 0,99 N/mm?

11—2 * 1000 * 9003

If we add the compressive stress generated by the bending moment in the seismic
combination to the compressive stresses arising from the axial forces on the section,
the resulting stresses will still be significantly below the characteristic compressive
strength of the masonry [60, 61].

Finally, it should be noted that the horizontal deformations observed in the model
due to the effects of wind and earthquake remain within the limit values for total collapse
established by the CTE and other international regulations.

The total collapse (&) for combinations involving wind action must not exceed 1/500
of the total height of the aqueduct. In this case, the observed elastic displacement is
1.6 mm, and the maximum height above the aqueduct bed is 9.50 m. Therefore, ac-
cording to current regulations, a displacement of up to 1.9 cm would be allowed, which
is significantly higher than the modelled value.

9,50 m

<
= 500

=0,019m

The total collapse (6) for combinations involving earthquake action must not exceed
1/100 of the total height of the aqueduct. In this case, the observed elastic displacement
is 6.2 mm. Therefore, according to current standards, a displacement of up to 9.5 cm
would be allowed, which is considerably higher than the modelled value.

9,50 m
<
— 100

=0,095m

It is true that these displacements would be higher if non-elastic behaviour of the
masonry were considered. However, the values obtained are sufficiently far from the
normative limit to consider, for this level of study, acceptable behaviour in ELS of ag-
ueduct deformations.

5. Conclusions

The Cloud-to-BIM-to-FEM methodology enables the generation of BIM and FEM
models of architectural and engineering works with low cost, flexibility and high-quality
results. This makes it an essential tool for the reconstruction, protection and conserva-
tion of our historical heritage.

The photogrammetric project carried out has shown competitive results compared
to surveys conducted with TLS. The combination of zenith and oblique images has sig-
nificantly improved the dense point cloud obtained from the photogrammetric process.

The process of generating the HBIM has consistently maintained the final objective
of the work in mind, avoiding unjustified simplifications and resulting in a reliable repre-
sentation of the aqueduct. A validation process was applied to ensure the similarity
between the parametric object created in the HBIM and the dense point cloud from the
photogrammetric project, ensuring a high geometric fit between the models. This



facilitates the subsequent accurate structural interpretation of the aqueduct.

The HBIM accurately reflects the geometric complexity of the aqueduct, while the
FEM captures its irregularities without oversimplifying the structure. This is a significant
improvement over traditional simulations, which often rely on overly simplistic models
of masonry works.

Future developments will require the implementation of advanced functionalities to
automate the conversion from BIM to FEM. Existing BIM-to-FEM solutions are typically
applicable only to regular buildings with highly standardised layouts [33, 59, 60].

The structural analysis of the FEM successfully evaluated the instability conditions
of the building in the event of an earthquake, although it exhibits satisfactory behaviour
in the event of wind. With regard to the tensile behaviour of the aqueduct walls, it is
evident that the maximum compressions experienced by the masonry are significantly
below the characteristic resistance of the ensemble formed by the masonry pieces and
the lime mortar binding them. However, further analysis considering the non-linearity of
masonry behaviour will be necessary to determine whether the tensions generated in
the walls could lead to unacceptable compressions or instances of rupture in certain
sections.

This point paves the way for future research aimed at identifying areas where ten-
sion occurs, which must be addressed to ensure the future structural integrity of this
cultural heritage asset over the years. Additionally, it sets the stage for drafting a reha-
bilitation project for the monument. Another intriguing avenue of exploration would in-
volve the realistic virtual reconstruction of the aqueduct, serving as a means to dissem-
inate the rich historical heritage found in the province of Almeria.
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Summary

The Twenty Eyes Aqueduct stands as a monumental hydraulic structure with a rich
history spanning several centuries, poised to be designated as a heritage asset of cul-
tural interest (Bien de Interés Cultural, BIC). This infrastructure poses a significant chal-
lenge for structural simulation, given the heterogeneous nature of its materials, geo-
metric irregularities and challenging accessibility. Recent advancements in UAV photo-
grammetry, coupled with the evolution of BIM and the computational capabilities of
modern computers for calculating FEM, present a methodology for simulating the be-
haviour of structures under applied loads. This approach enables us to address the
tasks of reconstruction, protection and conservation of our heritage with unprecedented
precision, speed and perspective. In this study, the innovative Cloud-to-BIM-to-FEM
methodology is applied, which is capable of converting BIM models generated from
point clouds into FEM. Obtaining the point cloud was possible using UAV photogram-
metry, during which a 3D survey of the current state of the aqueduct was conducted.
The point cloud obtained served as the basis for generating an HBIM that accurately
represents the geometry of the aqueduct (Cloud-to-BIM). The HBIM was then trans-
formed into a FEM model that respects the monument’s singularity without excessive
geometric simplifications (BIM-to-FEM). Finally, various considerations were deduced
regarding the stability of the aqueduct and its structural behaviour by applying loads
such as wind and earthquake.

Riassunto

L'Acquedotto dei Venti Occhi & una struttura idraulica monumentale con una ricca
storia che abbraccia diversi secoli, pronta per essere designata come bene patrimo-
niale di interesse culturale (Bien de Interés Cultural, BIC). Questa infrastruttura rappre-
senta una sfida significativa per la simulazione strutturale, data la natura eterogenea
dei suoi materiali, le irregolarita geometriche e I'accessibilita difficile. | recenti progressi
nella fotogrammetria UAV, insieme all’evoluzione del BIM e alle capacita computazio-
nali dei moderni computer per il calcolo FEM, presentano una metodologia per simulare
il comportamento delle strutture sotto carichi applicati. Questo approccio ci consente di
affrontare i compiti di ricostruzione, protezione e conservazione del nostro patrimonio
con precisione, velocita e prospettiva senza precedenti. In questo studio viene applicata
l'innovativa metodologia Cloud-to-BIM-to-FEM, in grado di convertire modelli BIM ge-
nerati da nuvole di punti in FEM. L'ottenimento della nuvola di punti & stato possibile
utilizzando la fotogrammetria UAV, durante la quale & stato condotto un rilievo 3D dello
stato attuale dell'acquedotto. La nuvola di punti ottenuta € servita come base per ge-
nerare un HBIM che rappresenti accuratamente la geometria dell'acquedotto (Cloud-
to-BIM). L’HBIM é stato poi trasformato in un modello FEM che rispetta la singolarita
del monumento senza eccessive semplificazioni geometriche (BIM-to-FEM). Infine,
sono state dedotte diverse considerazioni riguardanti la stabilita dell'acquedotto e il suo
comportamento strutturale all'applicazione di carichi quali vento e sisma.
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