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The research on Carlo III bridge in Moiano (Benevento, Italy) has been an opportunity for testing the HBIM methodology to the
architectural heritage in terms of not only gathering information but as a design tool. The bridge, almost without previous
drawings and documents, was surveyed with an integrated approach using laser scanner, photogrammetry and topography.
Data produced a metrically reliable HBIM model, complete with graphical and non-graphical information, to be used in a

maintenance and restoration project.
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Introduction

In a context of challenging issues for cultural heritage such as
environmental and natural hazards, climate change, negative
anthropogenic actions or simply lack of awareness, it is nec-
essary to optimize resources in a sustainable way. It is well
known that knowledge and documentation are the prerequisite
for an effective conservation of cultural heritage and that this
sector has always been the meeting point of multidisciplinary
knowledge and expertise. Nevertheless, the traditional
methods of collecting, managing and sharing information
followed different paths in the humanistic, technical and sci-
entific fields and their specializations. Digital technologies are
innovating all these areas. Digital humanities, informative
models, digital twins and XR technologies offer different but
correlated answers to create a Common Data Environment in
which decision makers can address resources and interven-
tions in the most effective way.

The new information management systems also make it
possible to disseminate knowledge of hitherto less well known
and poorly documented works. The possibility to manage and
process a full collection of data in a single container has
opened the way to the application of the BIM methodology
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to existing buildings and cultural heritage known as Heritage
Building Modelling—HBIM) (Murphy et al. 2009).

Three-dimensional queryable and implementable models
become “smart repositories” of all data related with the build-
ing, as well as tools to support the elaboration of restoration
and planned maintenance projects. The viewpoint is that of a
4D model (Xiao et al. 2018), which embraces the past, present
and future to understand the damages occurred in the past, the
current conditions and to plan monitoring and interventions.

The use of BIM tools in the field of architectural heritage
involves some forcing, since they were designed for new con-
struction and not for the irregularity of the historic ones, but
today they can represent the most effective of the management
systems being experimented so far.

The aim of the paper is to show the application of the
HBIM method to a case study never documented before (even
with traditional techniques), i.e. the Carlo III bridge in
Moiano. The peculiarities of the study consist in (i) the fact
that the artefact is part of a very complex historic aqueduct
(the aqueduct of the Royal Palace of Caserta), so this method
could be applied to the whole building or other ancient infra-
structure works, and (ii) a possible workflow for mapping the
surface degradation and restoration works in HBIM models.

State of the art

BIM—Building Information Modelling—is the digital repre-
sentation of a structure in the form of a parametric model
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containing all the information about a building throughout its
life-cycle, from the project, to its construction, management
and demolition. It is an informative, interdisciplinary, shared
and constantly evolving model that can potentially connect
data on geometry, materials, structure, thermal properties
and energy performance, plants, costs, safety, maintenance,
demolition and decommissioning.

This methodology, born mainly for collaborative design, is
becoming increasingly effective for the management of assets.
As a result, there is an interest in extending its application to
existing buildings too. For this reason, the BIM approach has
also found fertile ground in the infrastructure sector
(InfraBIM) (Tucci et al. 2019b) and in particular in the field
of bridges, both for new and existing constructions. BIM sim-
plifies the inspections and assessment of structures and helps
decision makers in managing more efficiently the inventories
and in automating operational practice, with significant sav-
ings in maintenance and scheduling costs.

In Italy, the Ministry of Infrastructure and Transport de-
creed the mandatory use of modelling methods and tools in
public works (D. Lgs. 560/2017) in order to promote the rais-
ing of efficiency and organization levels through digital man-
agement of project information content. The attention paid to
this sector is clearly referable to new constructions but, above
all, to large-scale infrastructures, in particular bridges and via-
ducts, built during the last century and designed for an expect-
ed life span of 50 years.

The same advantages motivate the growing interest in ap-
plying the BIM methodology to various aspects of Cultural
Heritage management, both for restoration and museum man-
agement (Tucci et al. 2019a), or for communication projects
also with XR tools (Brioso et al. 2019; Pybus et al. 2019).

The objective is to pursue an adequate knowledge of the
artefact that is to be preserved, progressively replacing the
traditional methods of the restoration and structural reinforce-
ment projects with new tools for managing both existing in-
formation and new interventions. Thus, the transition from
BIM to HBIM (Historic Building Information Modelling)
took place. HBIM, starting from survey information
(Bolognesi 2018) through the import of point clouds into the
management system, allows a parametric digital representa-
tion of an existing building or structure.

As far as bridges are concerned, many of them are close to
the end of the project life and need actions to assess their
safety. Previtali et al. (2019) explain the implementation in a
BIM model of load testing data in the form of numerical re-
sults and graphs like displacements measured during the mon-
itoring phase, GPR (Ground Penetrating Radar) data to inspect
internal structures, crack maps, stratigraphy, mechanical char-
acterization, etc. for providing a single access point for pro-
fessionals involved in developing the maintenance programs.

Leon-Robles et al. (2019) describe the creation of a BIM
model for a historic bridge. Authors built the initial state from
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the original blueprints, then found the deformation of the
structural elements comparing it with a laser scanner survey.

Another method of representation of the information col-
lected during the inspection is that of “Damage Cubes,” para-
metric parallelepipeds used to represent the volume and sever-
ity of a certain damage in a particular position of the bridge;
they allow operators to achieve a high degree of visual detail
in identifying problem areas (McGuire et al. 2016).

The use of BIM software for damage documentation would
facilitate the inclusion of such information in any other anal-
ysis tool, although an improvement in the interaction between
different systems is still needed to partially or completely au-
tomate the process.

In the context of heritage bridges with an architectural val-
ue it is necessary to deal with the conservation aspects, i.e. the
alterations suffered by the materials over time, negligible in
new constructions, in order to preserve the integrity and the
original aspect of the building and respect its historic and
artistic value. In the traditional operative practice of restora-
tion, interventions were usually described on 2D drawings
containing additional documentation. Interventions (like
cleaning of degraded surfaces, removals and protective treat-
ments) were represented as areas with different colours or
hatchings on 2D elevations, plans and significant sections.
The quantification of the areas affected by different decays
and their visualization has the limits of 2D drawings (Negri
and Russo 2008; UNI 11182:2006).

Even independently of the use of the BIM methodology,
various methods have been developed for the digital manage-
ment of decay information.

Given the importance of the characterization of the decay
mechanisms for conservation processes, several surveying
and monitoring systems have been developed. In small and
enclosed spaces, 360° imagery was processed for a fast map-
ping and monitoring of decay, obtaining metric data from
panoramic raster images (Barazzetti et al. 2020).

For the archaeological site of Pompeii (Campanaro et al.
2016), a three-dimensional monitoring system has been devel-
oped combining of 3D visualization and GIS. It provides spe-
cialists with a guideline to manage the decay processes of the
“at risk” heritage, subdividing the 3D mesh model into ap-
proximately plane sub-elements and depicting the decay on
the obtained 2D maps.

In other cases, as for the restoration of the Neptune Fountain
in Bologna (Apollonio et al. 2017), the survey allowed the con-
struction of a 3D surface model on which thematic mapping was
carried out. A digital archive of all monument related data,
starting from the previous restoration actions to those in progress,
was carried out through an on-line application. It is possible to
navigate freely on the 3D model of the art-work, to have access
to the documentation (texts, scientific analysis reports, images,
graphs) and to the portions of the sculpture to which it refers
(location of the documentation). It is also possible to draw the
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data related to the conservation directly on the surface model
(through interactive insertion of points, polylines or regions and
the associated metadata), obtaining a 3D geo-referenced visuali-
zation, usable in the diagnostic phase or for future inspections
and maintenance operations.

In these cases, models do not rely on such a structured
database as BIM and, above all, they only describe the surface
of the artefacts, neglecting their internal structure.

A multi-disciplinary diagnostic approach, and the integra-
tion of GIS and HBIM, instead, supported the creation of a
database including qualitative and quantitative data and com-
plete conservation project with an integrated use of GIS and
BIM tools (Tsilimantou et al. 2020).

Other studies tested in recent year artificial intelligence for
the automatic recognition of decay on building materials and
their mapping also on BIM objects. Borin and Cavazzini
(2019) created a BIM of a reinforced concrete bridge using a
photogrammetric survey and applied a neural network to im-
agery for detecting spalling. Masked images were back-
projected on the BIM model to indicate the affected areas.
An automatic process has been developed for the detection
of cracks on concrete bridges, starting with the generation of
flight paths for an unmanned aerial vehicle (UAV) photo-
grammetric survey, to the 3D modelling (not in BIM environ-
ment) and identification of typical damage patterns through
Machine Learning (Morgenthal et al. 2019). Artificial intelli-
gence would significantly reduce the time-consuming classi-
fication of pathologies, but the process is still to be consoli-
dated, mostly where multiple decay patterns are present.

For building documentation, surface models accurately de-
scribe the smallest details of a geometry but require a complex
processing (Tucci et al. 2014). Therefore, the advantage of using
the HBIM methodology lies in the optimization of processing
time, maintaining a sufficient accuracy in relation to the goals.

Carlo Il bridge

Located in Moiano (Benevento, Italy), a small town in
Southern Italy, Carlo III bridge over the river Isclero is an
infrastructure of the Carolino Aqueduct (Canestrini and
Tacono 2007), the water supply system of the Royal Palace
of Caserta. The project of the Royal Palace and the Aqueduct
was commissioned by Carlo III di Borbone, King of Naples
and Sicily, to the architect Luigi Vanvitelli, in the second half
of the eighteenth century (Fig. 1).

The Carolino Aqueduct is underground for 37 km and
emerges in some sections only, that are the “della Valle”
bridge (in the Maddaloni Valley), the Tagliola Bridge (at
Durazzano) and the Carlo III bridge, which is the closest to
the Fizzo springs, where the water that feeds the Royal Park
and Palace is collected (Fig. 2).

The Carolino aqueduct and therefore also the Carlo
III bridge are certainly infrastructures, but their design,
which combines technology and forms typical of classi-
cal culture, are a clear manifestation of a far-sighted
government that expressed its power by marking and
designing the territory (Fig. 3).

The bridge was built in order to cross the aqueduct
over the river Isclero and without any connection with
the local road network. It is about 150 m long above
ground and almost 7 m high. The structure is entirely
made of local yellow tuff, which is certainly extracted
in the nearby quarries, while the perimeter ashlars, the
plaques, some elements of the curb and the pavement
are made of limestone, also local, characterized by a
lighter, almost white colour (Fig. 4).

Carlo III bridge is made up of four round arches separated
by buttresses and two “shoulders” connecting and gradually
entering into the ground, following the natural slope.
Horizontally, it can be considered divided into a lower level
(which includes the arches), an intermediate level, externally
delimited by two limestone string courses (strongly degraded
but still clearly recognizable), and an upper level, walkable but
without parapets (Fig. 5).

The internal duct is across the second and third
levels. It is made of tuff and waterproofed by hydraulic
mortar. The internal section of the water duct is about
1.20 m wide and 1.80 m high at the top and is covered
by a barrel vault. The conduit is still working today:
through it, in fact, the water collected from the sources
of the Fizzo reaches the fountains of the Royal Palace
of Caserta, despite the precarious state of conservation
of the entire aqueduct and in particular of this bridge.

The lack of maintenance, aggravated by uncontrolled
interventions over the decades, has led the bridge to a
state of great vulnerability compared with its initial con-
dition. To mention just a few, the removal of tuff and
limestone ashlars attempts at unauthorized water supply
(with the insertion of concrete and metal pipes in the duct,
the growth of thick vegetation close to and on the bridge,
which roots penetrate in the masonry). Currently, the
building is showing evident damages and quite alarming
cracks. Moreover, there is an overall decay of stone ma-
terials due to the exposure to atmospheric agents and pol-
lution and characterized by typical pathologies (patina,
efflorescence, alveolization, disintegration, etc.) on the
external surface (Gennaro and Fuscaldo 1991).

The importance of this infrastructure, not only in it-
self but especially within the Carolino Aqueduct, includ-
ed in the World Heritage List (UNESCO 1997), under-
lines the need of a complete documentation and a main-
tenance plan, until now absent, to implement more ef-
fective management and maintenance processes, shared
and potentially applicable to the whole aqueduct.

@ Springer
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Fig. 1 The fountains and the park of the Royal Palace of Caserta, fed by the Carolino Aqueduct

Integrated survey

Geometric data acquisition was carried out in two-and-a-half
days according to the principles of integrated survey, with
laser scanning and both terrestrial and UAV photogrammetry
referred to ground control points measured with total station
and GNSS (Tucci et al. 2017).

The site morphology constrained the survey operations.
The bridge itself constitutes a barrier that precludes the mutual
visibility between adjacent areas. The dense vegetation (both
spontaneous and cultivated) and the river Isclero (even if
small) caused occlusions, constrained the position of the to-
pographic vertices and scanner stations and also hindered the
acquisition of photogrammetric imagery. In addition, the steep
concrete banks prevent a free access to the river.

The geometry of the building was acquired with a phase-
shift laser scanner, performing 47 scans on the bridge and
adjacent terrain with an angular step of 6 mm at 10 m and a
final resolution on the object of about 3 mm.

A photogrammetric UAV survey was carried out to obtain
a general map of the bridge and the surrounding area.
Considering the maximum height of the trees in the area,

.
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Caserta | =
Royal Park

A &

“della valle” bridge

Tagliola bridge

images were taken at an altitude of about 30 m with a GSD
of about 9 mm. Further UAV images of the top and walls of
the bridge were acquired at close range with a manual flight to
obtain high-resolution orthophotos of the walls and top of the
bridge, useful for the detection of the materials and decay.
Other images were taken from the ground with a reflex camera
for integrating the laser scanner data and surveying with pho-
togrammetry all the details of the construction. Due to the
mentioned obstacles, it was not possible to set a closed tra-
verse with total station so it has been measured a baseline with
four spurs. Network vertices were also measured with GNSS
for geo-referencing. From the network vertices, 12 targets on
the ground and 84 targets on the bridge walls were acquired.
The target coordinates were used both for the scan alignment
and for scaling and referencing the photogrammetric surveys
by UAV and from the ground, so all data are in the same
reference system to integrate each other. An effective
automatic processing is possible if original data include
a sufficient quantity of stable features, which can be
distinguished in:

—  geometric features for laser scanning,

% =

=

" - Carlo Ill bridge

Fizzo springs
2km

| I

Fig. 2 The route of the Carolino aqueduct from the Fizzo springs to the Royal Park of Caserta, with the indication of the three monumental bridges
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Fig. 3 Carlo III bridge, Moiano
(BN), aerial image showing the
crossing of the Isclero river

— radiometric features for photogrammetry.

In this case, this was not always possible, because the
bridge and the surrounding terrain were covered by a dense
vegetation moved by the wind. Again, in a few cases the
predominantly linear shape of the building caused some acci-
dental sliding between relatively featureless regions. For these
reasons, a manual processing was required. Dataset was
subdivided into consistent portions which were automatically
processed and then merged by using the coordinates of the
targets measured by the vertices of the topographic reference
network.

After registration, the mean distance between the point
clouds obtained by laser scanning and photogrammetry result-
ed 3 mm, being the outliers referred to the parts covered by
vegetation (Fig. 6).

BIM modelling and thematic maps

As stated, BIM can be a significant turning point for the over-
all maintenance and management of historic infrastructure as
well. The adopted approach aims to

Fig. 4 The main materials of the
Bridge: a the local limestone with
the presence of a disintegration
phenomenon and a superficial
patina; b the yellow tuff, and the
clear lesion on the South elevation

— the digital visualization of the object (geometry, mate-
rials, state of decay, etc.);

— the construction of a database that can contain and corre-
late different information, including geolocation, historic,
photographic, archival, structural and environmental
data;

— to set a framework for permanent monitoring of the
building;

— the management of the maintenance plan.

After importing the decimated point cloud on the chosen
authoring software (Autodesk Revit), a segmentation of the
point model is needed, in order to identify homogeneous ele-
ments with the same information content. The used BIM soft-
ware has groups of parametric elements, called “families”
(e.g. walls, floors and pipes), designed for the modelling of
new buildings (Wing 2017) and, consequently, often unsuit-
able for modelling heritage buildings and even more unfit for
historic infrastructures.

The currently available standard components cannot
accurately model the irregularities of the building, which
is essential in preservation (Boeykens et al. 2018). This is
still a major limitation in the use of BIM authoring soft-
ware in the architectural and archaeological heritage

@ Springer
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Fig. 5 Carlo III bridge, the HBIM modelling of the geometry, the surrounding terrain and the watercourse

fields, and many tweaks have been proposed to address
this issue (Banfi 2020).

Due to the irregularity of the surveyed object, it was nec-
essary to use so-called “in-place models” to represent the
existing geometry as closely as possible, but without all the
parametric properties of a standard family (Fig. 7).

The interior of the bridge was also represented in the same
way with “void forms” tools, obtaining a reliable reconstruc-
tion of the geometry and the internal functioning of the bridge.

The environmental context was modelled too, even if in a
simplified way, inserting the ground in the surrounding area,
the masses of the trees and the watercourse. The context of the
bridge is in fact relevant from several points of view. On a
local scale, the current structural instability could be related
with the condition of the riverbed and the terrain. On a land-
scape scale it is clear that such a relevant structure was de-
signed not only to cross a small river and a shallow valley, but
as a landmark, so it is important to consider it in its scenery.

Gauss: mean = 0.0032 / std.dev. = 0.0439 [1261 classes]

A\

-0.2 [ 0.2
M3C2 distance

HBIM modelling also must face another issue which is not
present in new constructions. Often the inner texture of a
building is not completely known, so there is the risk to build
a dumb model. Trying to overcome this issue, every kind of
information was linked to Carlo III bridge basic components.
Technical data include materials, their characteristics and pro-
cessing techniques. The main materials used for building the
bridge, which are Neapolitan yellow tuff and limestone, have
been added to the materials library. They are linked to a brief
description, an indication of the presumed origin and to infor-
mative websites. Other information includes all historic data
useful to reconstruct phases and interventions, like archival or
printed sources, images and also oral history, with testimonies
of local people on the works occurred in last decades. Finally,
in absence of other data, also the working hypotheses aroused
during the research were included. As example, it was possi-
ble to inspect only a limited portion of the interior of the
conduit through a manhole above the bridge in the straight

Fig. 6 Comparison between point clouds acquired by laser scanning and photogrammetry

@ Springer
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Fig.7 Point cloud and BIM model deviation map. The diffused modelling error is about 2.7 cm, mainly related to masonry ashlars. Red areas are related
to infesting vegetation (not included in the 3D model); blue areas to very irregular portions or missing parts

portion of the eastern side (Fig. 8). Data about dimensioning,
materials and pipes have been, temporarily, extended to the
entire bridge.

An advantage of BIM exactly lies in the opportunity to add
and modify data, if in the future other investigations will give
new data and push to rethink the current interpretation.

By selecting an object, it is possible to retrieve all information,
including photos, by means of the attributes of the material.

Fig. 8 The inner duct, modelled
according to the currently
available data

-

\\\\\\\\\\&X\\\\\\\\\\‘

\

Another important aspect is the attribution of a Level
of Reliability to each object. Actually, some of them are
modelled according to several hypotheses, like the already
mentioned inner duct or the load-bearing structures and
foundations. For this reason, it is important to distinguish
the surveyed elements from the hypothesised ones, for
example with different colours (Aparicio Resco and
Figueiredo 2017).

@ Springer
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Fig. 9 Time sequence of the bridge, obtained filtering the construction phases in the HBIM model

Other information concerns the date of the interven-
tions. All phases after the construction (about 1754)
were identified and attributed to bridge elements.
Cross-correlating the above-mentioned data, it is possi-
ble to create thematic maps, for showing, as example,
the construction phases of the parts of the building
(Fig. 9).

Fig. 10 Representation of decay using “in-place” models
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Decay mapping

Even including all collected data on materials and history, the
HBIM model is not sufficient for the preservation project. On
the most recent phase, corresponding to current survey, all the
deterioration phenomena and crack patterns were accurately
mapped. This was obtained by importing the orthophotos into
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Fig. 11 Information on the decay and interventions inserted reassigning the parameters of materials in the parameters browser

BIM software and vectorizing the different pathologies on the
flat surfaces of the model (included the parallel ones to the
horizontal plane). The selected areas were modelled as
millimetre-thick surfaces and classified by degradation pat-
tern. This manual process is undoubtedly accurate but is very
time-consuming (Fig. 10).

All kind of information can be associated to the surfaces
representing the decay: description of the pathology (accord-
ing to the Italian norm UNI 11182:2006), photographic im-
ages, textual descriptions and 2D dimensioned drawings
(from manual survey) to state the depth of the cracks (Fig. 11).

In BIM, “Schedules” tool allows the data extraction. A
schedule of decay patterns (Fig. 12) has been created, includ-
ing the information related to the description and quantity of
every kind of deterioration. When the geometry is modified,
schedules are automatically updated, allowing the monitoring
of the evolution of deterioration.

Once the characterization of materials, the localisation of
every kind of deterioration and its quantity, is known, the
conservation and structural reinforcement plan can be repre-
sented and computed on the model (Fig. 13). As described
about decay representation, interventions can be attributed to
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Fig. 13 Representation of
interventions on the HBIM model

single objects or portions of surfaces, indicating the corre-
sponding surface of the model and associating all the neces-
sary information, e.g. name, steps, images, technical data
sheets and tutorials. As for decay, it is possible to create sched-
ules containing the quantity of the surfaces on which every
intervention is required, together with detailed procedural de-
scriptions, products to be used and other working solutions.
As in the traditional restoration practice and in building sites
printed drawings are still very common; it is also possible to
export the 2D views in usual CAD formats or other data in-
cluded in schedules for producing proper bills of quantities.

Conclusions

The paper shows an application of HBIM on a eighteenth
century infrastructure, which was lacking of any reliable doc-
umentation until now. The potential of HBIM methodology
has been exploited by modelling the current phase using data
coming from an integrated 3D survey.

The advantage of BIM technology lies in the possibility to
digitally manage all the information of a building and in the
described case study this potential has been exploited in sev-
eral ways:

+ from the geometric and spatial data management side,
using data coming from an integrated 3D survey to accu-
rately model the bridge;

+ from the point of view of information content, associating
the elements with semantic content related to materials,
degradation and conservation interventions.

Therefore, the previous phases have been reconstructed
obtaining a 4D survey. The HBIM model guarantees the
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conservation of the information collected and the historic
memory of the construction; it is also an operational tool for
planning conservation interventions and future maintenance.

All information is contained in a dynamic and interchange-
able database, and every update is immediately quantifiable
for monitoring the condition of the building, reducing the
traditional manual operations.

Although many bottlenecks still exist in the implementa-
tion of efficient BIM systems for Cultural Heritage, HBIM
simplifies the data management, leaving more time for other
investigations, especially those that must necessarily be car-
ried out in the field.

Waiting for the implementation of BIM authoring tools
more oriented to Cultural Heritage needs, it would be neces-
sary to establish common criteria for using current software in
HBIM by the wide community operating in this field.
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