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Abstract: In the field of conservation and protection of heritage buildings, knowledge plays a
fundamental role, emphasized by national and international rules and regulations. This aspect
becomes fundamental when conducting the structural assessment of a historical building. This study
envisaged a cognitive phase via the application of advanced survey and diagnostic methodologies to
define the materials, construction techniques, and state of conservation of the structural system of a
specific building forming part of Florence’s heritage. The information complex produced formed
the basis for the structural assessment and for the experimentation of the BIM methodology within
the creation of databases for the management of cognitive processes of historical buildings. The case
study is one of the gates of the last circle of walls of the 14th century and is the only one that has
maintained its original height, despite modifications: the gate/tower of San Niccolo. The research
conducted, in addition to achieving a structural assessment of the tower, has allowed the creation
of a dynamic model for organizing and consulting the information, laying the groundwork for the
creation of a conservation and maintenance plan.

Keywords: HBIM; cultural heritage buildings; laser scanning survey; diagnostic campaign; structural
performance’s evaluation; Florentine city walls

1. Introduction

The cognitive approach in the context of restoration and consolidation interventions on
historic buildings has been studied and analyzed by the international scientific community
for some decades now.

According to “Guidelines for the evaluation and reduction of seismic risk of cultural
heritage”, published by MIBACT in 2011 [1], it is necessary to understand the state of
conservation and functioning of the structural system of a building, as well as the causes of
ongoing degradation and disruption. The knowledge acquired serves as the foundation
for design choices. Therefore, a thorough understanding of cultural heritage is crucial as
it allows for the inclusion of less invasive and more compatible approaches during the
design phase.

In recent years, advancements in the diagnostic techniques applicable to cultural
heritage have made it possible to develop increasingly extensive and complex investigation
plans. Consequently, the proliferation of these studies has resulted in a significant increase
in the volume and complexity of data. This has made interpretation more intricate and
complex. Moreover, the accurate interpretation of diagnostic investigation results cannot
be separated from the context in which they were conducted. These factors have prompted
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researchers to seek out methodologies for managing cognitive pathway data and tools that
aid in the interpretation phase.

In this context, the use of building information modeling (BIM) for historical masonry
buildings, known as historic building information modeling (HBIM) [2,3], has become
prominent [4-6]. Currently, HBIM workflows primarily focus on documenting buildings’
current states. In these cases, the information model serves as a centralized database for
managing input data and reading information [7-9]. Contributions that conduct review
of the literature regarding current implementation of HBIM reveal that information man-
agement [10] is the most cited research topic, although the lack of a defined standard
methodology persists [11].

This demonstrates the need for a standardized approach to information management
in HBIM. Studies on scan-to-BIM input flows [12] attempt to automate the transition from
point cloud to parametrized objects. This can be achieved using visual programming
language (VPL) to improve the geometric and informational enrichment of the models [13].
The theme of integration and interoperability between information models explores the
possibilities of making FEM numerical models and architectural models communicate
inside or outside the BIM environment, combining different types of software and reducing
data loss [14-17]. Structural vulnerability assessment is often accompanied by an integrated
survey that uses various technologies to increase the efficiency and accuracy in detection
and modelling, thereby improving the quality of the analysis [18-20].

The presented research project involved application of the cognitive process to a case
study represented by one of the best-known and best-preserved gates of the last city wall of
Florence: the gate/tower of San Niccolo. The study aimed to assess the state of conservation
of materials and structures for the safety assessment against seismic action and to define
ongoing restoration interventions. For this purpose, the building underwent an extensive
diagnostic campaign to achieve the evaluation levels presented in [1] (LV1, LV2 and LV3).

The management of a voluminous and heterogeneous knowledge framework re-
quires a tool capable of combining three-dimensional digital representations and complex
databases. This process is defined as “parametric-informative”. This methodology, which
has been successfully applied in other case studies of Florentine heritage [21], allows for the
precise and efficient organization and consultation of information collected during study
and investigation phases.

2. The BIM Methodology for the Knowledge Process of the Cultural Heritage

The methodology utilizes a three-dimensional representation of a building that, even
schematic, contains geometric and morphological information. The information can include
descriptive content relating to materials, technical characteristics, and more. Such content,
if managed via parameters, gives rise to parametric information systems, which today are
defined by the acronym BIM.

The use of BIM approach has made it possible to manage complex information flows,
which can be effective in monitoring and preserving architectural heritage.

The building’s three-dimensional model is connected to an information component
that includes data from diagnostic campaigns and material degradation. This information
can be managed or implemented by inserting new data. The database connected to the
virtual representation of the architecture can be shared with all the project actors.

2.1. The Parametric Approach to Knowledge Management

The management of a historic building using “information models” allows for the
organization of content in a similar way to any database. Each element is equipped with a
unique identifier and a specific location, and various types of information are associated
with it.

In this sense, the approach is similar to GIS databases. This allows you to manage
information related to two-dimensional objects and using attribute tables, which identify
different categories of information linked to each object.
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In the BIM environment, the database is replaced by two components. The geo-
metric component is a digital graphic representation of the building and is governed by
dimensional parameters that allow adaptation to different contexts and represent initial
information about the building. The information component is derived from the data of
the cognitive and investigative path conducted on the building.

Therefore, the flow of data starts from the initial geometrical knowledge to shape the
new shapes using dimensional parameters and continues with material and construction
information that flows into textual and URL parameters, contributing to the enrichment of
the geometric shapes.

The geometric modelling of historic architecture has always presented difficulties due
to the lack of regularity and standardization of the various parts. Although patterns and
designs can be recognized that are repeated within the same structure or between works
from the same period or geographical—cultural area, each is still composed of distinctive
elements that make it unique.

A survey using laser scanning technology can capture all the features of a historic
building. BIM software, on the other hand, has been developed mainly for the design
of new buildings. However, the parametric objects that can be created represent a valid
way to adapt them to historical contexts as well. Therefore, by manipulating defined and
interconnected parameters according to specific criteria, it is possible to obtain infinite ele-
ments and infinite variations of the same component; this allows the creation of customized
collections of elements with specific properties, collected in sets called families.

From the digital survey, the point cloud is brought into the BIM environment for the
construction of the parametric three-dimensional model via a process called scan to BIM [22]
(Figure 1). The insertion of information related to the diagnostic part requires relying on
“symbolic objects” built in specific families. These objects generally have a geometry that
leads back to the type of investigation carried out and allows it to be easily identified.

LASER POINT 3D MODELING
SCANNING CLOUD IN AUTODESK
SURVEY REVIT 2022

Figure 1. The scan-to-BIM process, from reality to the heritage building information model.

The LOD of objects is defined according to the complexity of the object. If we take the
definition of LOD as consisting of LOG (level of geometry) and LOI (level of information),
it is easy to understand that for architectural objects, the two components are essentially in
balance. For symbolic survey objects, the geometric component is less developed than the
information component, which is more complex and articulated.
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Organizing data is essential for creating structured families and selecting appropriate
categories and parameter types. Due to the large amount and variety of external data, it is
necessary to organize it, in order to define geometric shapes and enhance the database.

The model organizes the historical evolution of the building into phases and filters.
For diagnostic data, “symbolic objects” must be populated with parameters selected based
on the information to be stored.

The digitization of the information flow of knowledge starts from the identification of
each object via an “ID” and is visible on the label and within an abacus.

The software provides predefined categories for object families, which share instance
parameters that make them easier to read. These parameters can be of three types: text
parameters, numeric parameters, and link parameters. The latter are essential for transfer-
ring result cards via URLs to external files. The flow of information is made explicit by the
parameters and synthesized via the creation of schedules and dedicated views. The data are
catalogued in tables and can be viewed simultaneously with the virtual three-dimensional
space. This allows the user to analyze the presence of structural anomalies, degradations,
and material characteristics in relation to the geometric context in which they are inserted.
The described procedure is depicted in Figure 2.
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Figure 2. Structure of the database models.

2.2. HBIM Database for Seismic Assessment

The results of modelling and data organization process is an integrated database
(HBIM-DB) that collects all information and results acquired during the data acquisition
process (Figure 2). The DB is structured to be easily accessible and adaptable to integrate
information and data of various nature.
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Thanks to the global three-dimensional view and various filtering visualization op-
tions, obtaining specific information is a quick and easy task. This avoids the data informa-
tion loss and overlap typical of traditional archiving methods.

This model provides an excellent basis for various forms of data processing and
analysis, such as the following: the development of materials and degradation of structural
elements maps, historical mapping aimed to study the evolution of structural elements,
and the ability to conduct restoration or maintenance projects or guidelines.

In this regard, application of the model to the seismic safety assessment has been
investigated. The model potentially contains all the necessary information to characterize
structural models aimed at such evaluation, following the Italian Guidelines [1]. Although
now dated, this document still represents an excellent reference that emphasize of follow
a path of knowledge of the structure from various multidisciplinary aspects, for exam-
ple: structural historical evolution, material and construction survey, and mechanical
characterization of materials and geotechnical aspects.

The combination of the knowledge acquired in the different areas allows the evaluation
of a knowledge level and an associated confidence factor (CF). This is a coefficient between
1 and 1.35 that permits the reliability of the structural analysis model to be considered and
taken into account in the seismic safety assessment, such as for an element of reduction
in the material resistances, in models where these are considered, or a reduction in the
capacity of the structure by reducing the acceleration corresponding to the various limit
states, in the case of rigid body models.

The guidelines identify three levels of seismic vulnerability assessment, differentiated
by the level of depth of the analysis (LV1, LV2, and LV3). LV1 analyses use simplified
mechanical models derived from structural typology. LV2 and LV3, on the other hand, are
designed to assess structural criticalities with respect to global or local behavior, providing
significant information for decision making on strengthening or consolidation measures.

Independently of the level adopted, the objective remains the same: to assess the safety
coefficient, known as the safety index (Is), which is derived using the ratio of the structure’s
capacity and the expected seismic demand at the site.

LV1 and LV2 analyses are particularly valuable in case of CH architecture [23-27] due
to the difficulty of comprehensively characterizing the mechanical behavior of masonry due
to its heterogeneous nature. These analyses require less information than more sophisticated
approaches—such as numerical methods, e.g., FEM—but provide an initial assessment
of the structural safety of the building in terms of global and local response to expected
seismic actions at the site.

To obtain sufficient knowledge and to reduce uncertainty in structural analysis models,
it is appropriate to conduct a detailed diagnostic materials investigation campaign. This
includes geometric and materials survey and evaluation of the condition and capacity of
masonry and the dynamic behavior of the structure.

Regarding geometries, simplified analyses can be based on schematic geometric mod-
els rather than the details provided by laser scanner surveys. The use of simplified geome-
tries does not have a significant impact on seismic safety assessment compared with the
selection of mechanical parameters.

However, for more in-depth analyses using numerical modeling (LV3), different levels
of geometric detail are required depending on the analyses’ procedures and modelling
strategies [28].

The characteristics of masonry, such as its monolithicity, individual component char-
acteristics (such as mortar and stone materials), type of masonry pattern, and internal
distribution are sensitive aspects for simplified analyses.

These aspects can be evaluated using non-invasive testing methods such as scleromet-
ric, penetrometric, GPR (ground penetrating radar), and other tests. Possible variations
in materials’ behavior can be assessed by performing these on different parts of the build-
ing. The determination of seismic requirements depends on the dynamic behavior of the
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structure, which includes modal shapes and periods, and can be studied using dynamic
identification methods.

3. San Niccolo Tower: The Knowledge Path

The information that can be incorporated into the previously described parametric
system is diverse in nature, encompassing descriptive data, qualitative aspects, and inter-
pretations arising from the analysis of acquired data by various operators involved in the
study process. In the following chapter, we present the key information collected during
the knowledge path on the case study of the San Niccolo Tower.

The Tower, part of the third ring of city walls erected in the 14th century, was designed
in 1328 by Andrea dell’Orcagna and executed by the craftsmen of the Opera del Duomo.
During the siege of Florence in 1530, it remained the only structure to retain its original
height (approximately 40 m), thanks to the protection provided by the hill and the Forte di
San Miniato against artillery strikes (Figure 3). In the renovations for Florence’s capitaliza-
tion in 1870, the tower was isolated and equipped with the current external stairs, allowing
access from the side facing the ramps leading to Piazzale Michelangelo. During the 1930s,
restoration, battlements, and corbels, previously demolished due to deterioration, were
reinstated (Figure 4).

Figure 4. Arch. Poggi’s intervention on the Tower and the surroundings [https://www.
progettostoriadellarte.it (accessed on 25 January 2024)].
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Nowadays the San Niccolo Tower is configured as a gate/tower structure consisting of
two pillars approximately measuring 10 m x 3.3 m, connected by a curtain with a thickness
of 2 m. Six transversal arches connect the two pillars, supporting the wooden floors of the
two intermedjiate levels and a pitched roof. During the restoration in the 1930s, the facade
reintroduced corbels to support a projecting walkway with machicolations (overhanging a
total of 1.5 m), and merlons were reconstructed with a thickness of 45 cm along the entire
perimeter of the top of tower.

To understand its genesis, composition, and functioning, an intensive knowledge path
was undertaken, as stipulated by the relevant Italian regulations [1], calibrated for assessing
the structural performance of the construction. Given its historical nature, the use of new
technologies and indirect investigative tools proved essential to preserve the structure from
further detrimental interventions on materials.

Another non-invasive investigation tool employed was dynamic identification test-
ing [29]. This is a highly significant activity that provides crucial information about the
dynamic behavior of the structure in the presence of ambient vibrations, including frequen-
cies and modal shapes. Furthermore, the results of dynamic identification can be used to
validate numerical models, enhancing the accuracy of structural behavior predictions, and
leading to a better understanding of the expected seismic response. For further insights
regarding the dynamic identification campaign, please refer to [30].

Further information about the structure and its dynamic characteristics can be found
in [31].

The following sections detail the diagnostic investigations conducted to understand
the structural organism and assess its condition, with the aim of obtaining information
useful for structural evaluations. All information has been collected and integrated into the
tower’s cognitive BIM model.

3.1. Digital Survey

A foundational step for the accurate implementation of building diagnostic investiga-
tions is the geometric survey of the structure. Geometric surveying plays a crucial role in
understanding a construction project, as it enables the collection of necessary information
to comprehend its metric and morphological aspects. This, in turn, delineates the current
state of the construction, serving as the basis for assessing findings from historical research
considering the actual conditions.

For this research project, the chosen approach involves the utilization of laser scanning
technology to achieve a highly dense and accurate result within shortened timeframes.
The employed instrumentation includes the Cam2 Faro Focus 570 scanner and the Zoller +
Frohlich IMAGER 5016 (Figure 5).

Figure 5. The digital survey was performed using 3D laser scanners and a drone.
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Individual range scans collected during the campaign were then consolidated via
processing in Recap Pro (©Autodesk) [32], a software utilizing cloud-to-cloud alignment
(Figure 6). Additionally, the survey was complemented by a series of aerial photographs
captured using a drone and ground-level photographic documentation.

Figure 6. The Tower point cloud displayed in Autodesk Recap.

The geometric survey allowed the detection of deviations from vertical alignment in
two primary walls, with the largest displacement observed at the top of the tower, reaching
approximately 10 cm. These deviations may have been caused by the various structural
modifications the building has undergone over time.

Regarding the crack patterns, serving as an indicator of the state and behavior of
the structural organism, they have been present since the mid-nineteenth century, likely
resulting from the thrust exerted by the arches supporting the roof embrasure. These arches
were later replaced by the current wooden covering. Currently, the visible damage on the
east and west sides has been repaired, and no new cracks are observed on the external
facades. However, internally, partially reactivated damages are noted in correspondence to
the window openings.

3.2. The Diagnostic Campaign

The diagnostic testing campaign conducted on the construction (Figure 7) allowed
the mechanical characterization of the constituent materials and structures, thereby es-
tablishing a model on which to base the analysis of the resistance system. As previously
mentioned, the diagnostic campaign was conducted, prioritizing the use of non-destructive
technologies and touchless instrumentation to ensure the preservation of existing materials.
Various methodologies and tools were employed, including ground-penetrating radar
(GPR) investigations aimed at assessing potential voids within the masonry and the distri-
bution of stone material in the substantial thickness of the walls. In particularly significant
areas, endoscopic investigations and DAC tests were utilized to evaluate the percentage
distribution of stone material in the masonry. Sonic investigations were employed to
estimate the velocity of sonic transmission in the in situ stone materials and the overall
masonry structure. Specific analyses on construction materials involved stone material
(sclerometric tests) and mortar (penetrometric tests).



Heritage 2024, 7

1342

Figure 7. The diagnostic campaign conducted on the construction.

3.2.1. Ground-Penetrating Radar (GPR) Investigations

Ground-penetrating radar (GPR) surveys were conducted using different radar sys-
tems. The Stream T, employed for external masonry investigations, represents a new
generation of GPR antennas, operating in a contactless mode and maintaining approxi-
mately 15 cm from the surveyed surface. The C-thrue, used to examine floors, battlements,
and corbels, provides a high level of detail but within a limited investigable thickness
(<70 cm). Finally, the RIS-ONE, employed for terrace assessments, allows for investiga-
tions of elements with substantial thickness (>200 cm). From the results of investigations
carried out on the masonry, for the east and west sides and the internal ground level, the
external masonry facade consists of rows of stone blocks and mortar with a thickness
of approximately 30-50 cm, followed by a compact masonry without significant issues
or voids.

Concerning the floors, first and second floors, the presence of floor tiles and a “caldana”
above small tiles supported on beams with a 50 cm span, visible from below, resting on
intermediate arches. On the rooftop terrace, a consistent presence of a series of reflectors
in the first 15-20 cm, followed by another layer of about 20 cm before the structural mass
(Figure 8). An exploratory survey identified tiles, their bedding, membranes, the slab,
and then masonry. GPR investigations on floors were limited to the top 50 cm. Merlons
consist of squared Pietraforte blocks set in thin layers of mortar, lacking internal flaring
to accommodate additional mortar bedding. A solitary element disclosed the presence of
a metallic component. Corbels display a prevalent condition of deterioration, with both
existing and potential exfoliation, featuring thickness ranging from 2 to 10 cm (Figure 8).

1 15

0 05
larghezza (m)

Figure 8. GPR investigations on the floor of the rooftop terrace.
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3.2.2. Sclerometric and Penetrometric Tests

Sclerometric tests were conducted using the Schmidt Hammer N-type 58-C0181/N.
Results from the tests on Pietraforte yielded JCS values between 67 and 170 MPa, indicating
a good to excellent state of preservation relative to an inherent compressive strength (oc) of
this material around 130 MPa. However, intentionally conducted tests on visibly degraded
elements yielded values up to a maximum of 70 MPa. Regarding the corbels, rebound
values (R) were obtained, indicative of a degraded surface, with degradation progressing
for individual Pietra Serena rods from the front to the masonry and from top to bottom
(Figure 9). Penetrometric tests on mortar were conducted using DRC instrumentation with
the insertion of a metal-tipped probe, measuring the penetration in millimeters after 10
strikes. The investigation focused on the original bedding mortars, following the removal
of the surface layer applied during restoration in the last century. Via curve analysis and
correlation formulas, resistance values were derived, proving to be more than satisfactory,
with an average around 20 MPa, consistent with findings in the literature on Florentine
mortars executed by the craftsmen of the Opera del Duomo [33].

Sonic tests results

N7

50 45 40 35 30 25 20 15 10 5 S0 45 40 35 30 25 20 15 10 5

50cm 110 cmifondo perforazione

Sclerometric tests results DAC-Test and Endoscopy

Figure 9. Sonic and sclerometric tests on the corbels: DAC-test with endoscopy on the walls.

3.2.3. Sonic Tests

Using the Novasonic U5200 CSD instrumentation, a campaign of direct transmission
sonic tests was conducted, enabling the detection of the sonic transmission velocity of in situ
stone materials and the overall masonry structure. Velocity values reached Vp = 2900 m/s
in the pylon masonry and Vp = 1900 m/s in the frontal curtain masonry, suggesting a
high degree of compactness in the masonry as a whole, even in substantial thicknesses. In
contrast, the tests on the corbels revealed a general state of degradation (Vp < 1000 m/s)
(Figure 9). Regarding the merlons, minimal velocity values (<1500 m/s) are associated
with the more exfoliated blocks, indicating widespread deterioration, while those in good
conservation condition are linked to Vp values exceeding 4600 m/s.

3.2.4. DAC-Test and Endoscopic Analysis

The J16 mm drillings, conducted along mortar joints, penetrated into the masonry
for 120 cm at a height of approximately 120-150 cm from the floor. For the two pillars, the
examination of masonry compactness during drilling and observation of the cuttings led
to the conclusion that the walls are well constructed and compact, with no internal voids.
The estimated stone/mortar ratio is approximately 70% stone and 30% mortar for the walls
from ground to the second floor, and about 55% stone and 45% mortar for the walls from
the second floor to the ridge. On the first and second floors, perforations made on the
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internal surfaces of the Tower’s walls frequently revealed small voids after the first stone
course (within the first 50 cm). Beyond this depth, up to 120 cm, the core appeared compact
and well knit. From endoscopic analysis, the curtain wall appears slightly less compact,
with more widespread but still very modest-sized voids, resulting in a stone/mortar ratio
of around 50% (Figure 9).

3.3. Geological and Seismic Characterization of the Area

The geological framework of Florence has been characterized in its three-dimensional
configuration in various studies [34-36], culminating in a Geodatabase (GDB) containing
over 2200 boreholes, representing a critically important knowledge document. Ground-
water measurement data, collected by the Municipality a few years ago from a well near
the Tower, indicate a level approximately —3 m from the ground surface, with a seasonal
annual variation of about 1.5 m, and overall equilibrium with the Arno River.

The detailed geological situation, inferred from the boreholes in the area, reveals
a lithoid substrate composed of Pietraforte, forming the hill and bedrock of the area of
interest (Figure 10). This is overlain by historical anthropogenic deposits and backfills,
reaching a thickness of up to seven meters in the marginal area between the Arno River
and the hill, followed by clean gravel from the Arno riverbed. The following reference pa-
rameters are attributed to Pietraforte: seismic velocities Vp > 2100 m/s and Vs =900 m/s;
UCS =130 MPa [37]. In the geological-technical mapping accompanying the seismic micro-
zoning studies, the area does not appear to be affected by the known historical instability
present on the northern slope of the San Salvatore al Monte hill.

[ ] riporti
[ ] cniaie
Pietraforte

Figure 10. Geological section of the area showing the lithoid substrate composed of Pietraforte.

Data acquired from the station installed at the base of the Tower were used to calculate
the horizontal-to-vertical spectral ratio (HVSR), providing both the peak frequency where
seismic shaking amplification from the overlying soils is expected and an estimate of the
thickness of the covering layer overlying a rigid substrate. In the specific measurement
at the base of the structure, the analysis reveals a high-frequency amplification peak
around 17 Hz, consistent with the shallow depth (a few meters) of the rigid substrate, in
agreement with the geological section. The uniformly distributed azimuthal pattern of the
spectral amplification peak confirms the reliability of the result. Therefore, according to
NTC2018 [38], the area in question is classified as a category A soil, and seismic checks at
the foundation should be based on rigid soil conditions. The city of Florence has historically
been the epicentre of significant earthquakes, with estimated magnitudes consistently
below 5 My, [39]. Seismogenetically, the Florentine area exhibits moderate seismic activity,
resulting in local earthquakes with an Imax of VIII on the MCS scale.

In relation to the recent development of seismic microzoning for the Florentine area
adopted by the Municipality, the area around the San Niccolo Tower, considering the
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presence of anthropic backfills, is assigned a surface amplification factor of 1.75 and falls
within seismic microzoning Level III, No. 4.

4. San Niccolo Tower: The Parametric Informative Model

The geometric and material knowledge acquired during the analyses and checks
carried out on the building constitute a database of information which, linked to a geometric
model, defines the concept of BIM.

In this section we will describe the process of creating and organizing the information
model of the tower of San Niccolo aimed at managing the data from research, surveys, and
interventions. All operations were conducted using the commercial BIM modeling software
Autodesk Revit [40]. The result is a database that, linked to the virtual representation of
the architecture, constitutes a valid tool for the protection of the asset and the sharing of
information with the various figures involved in the management of the building.

The case study examined is part of the research line that studies the possible applica-
tions of this methodology to the knowledge of historic buildings. In particular, the aim of
these studies is to validate the applied workflows and discuss the problems encountered
during the application. Via the application of a methodology to multiple case studies with
different complexities it is possible to experiment with different paths and solutions.

4.1. The Creation of the Geometric Model

The point cloud from the TLS and aerial survey was the morphological-dimensional
guide for the modelling of the Tower of San Niccolo (Figure 11). The information coming
from the historical analysis from the diagnostic investigations has also contributed to
increase the material and evolutive knowledge of the structure. In the Autodesk Revit
modelling environment, modelling was made possible by two types of tools:

- the use or creation of system families, loadable and adaptive;
- the use of several types of views (plans, sections, and elevations).

Figure 11. The point cloud overlapping the three-dimensional model of the Tower.

To create the walls, floors, and roof, the system families were used. The walls, specif-
ically, were inserted after modifying the types available in the program, varying their
stratigraphy and thickness. These families do not always adapt to the unevenness that
characterizes the existing heritage. The out-of-square and out-of-plumb conditions were
managed using specifically created families, based on generic metric models that were
sometimes adaptive, solid, or subtractive depending on the specific case.
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Uploadable families were created for doors, windows, and decorative elements. The
specific family was not used for the stairs since these elements, of a peculiar shape, are
characterized by strong irregularity; they were then managed using combinations of
uploadable families and local models. For the wooden parts of the floors, families of beams
and joists present in the Revit libraries or specifically created due to the particular geometry
of the sections were used.

Furthermore, the use of adaptive families allowed the overcoming of geometric diffi-
culties linked to the presence of unique and irregular shapes. The arches were modelled
using generic adaptive metric models of solid subtraction type. For the creation of these
parametric objects, the control points through which the object is inserted into the model
are chosen and some reference elements are drawn, which will constitute the profiles used
by the software to generate the solid or void.

These families are therefore particularly interesting when interfacing with the existing
heritage, due to their ability to conform to local peculiarities directly, without resorting to
angular parameters. Customized families have been created, including those relating to the
categories of diagnostic objects and seismic vulnerability. Finally, the use of multiple views
used simultaneously allows the user to model from the point cloud using parametric objects.

The result (Figure 12) can be framed, according to the definitions of the BIM Forum, in
an LOD 300: “the quantity, size, shape, location, and orientation of the element as designed
can be measured directly from the model without referring to non-modelled information
such as notes or dimension call-outs” [41].

Figure 12. Different views of the HBIM model.

In the context of Italian legislation [42] and LODs for restoration, the work can be
squared in a LOD F. This level expresses the “as built” of the structure by introducing infor-
mation on the current state, degradation, and temporal programming as non-geometric
content of the planned maintenance interventions. From the point of view of document-
ing the current state, the digitalization of the knowledge acquired on the structural and
conservative structure of the tower is therefore included.

4.2. The Organization and Insertion of Information Content

The information collected during the cognitive process was unified and rationally
organized, enriching the three-dimensional representation with extensive and varied infor-
mation content to be digitally managed in a logical and orderly way.

The information content included in the template can be classified as follows:

- historical data;
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- data from the structural survey: construction characteristics of structures, material
characteristics, cracks, etc.;

- data from diagnostic campaigns: non-destructive or mild partial destructive investiga-
tions, data from dynamic monitoring;

- results of seismic vulnerability analyses.

Some of the information content has already been used and inserted during the mod-
elling phase: historical information, geometric information from the point cloud or from
the structural survey for example. The data of the structural survey were entered mainly
via the stratigraphy of the objects, the geometric shape, and the materials. For all other
categories of information, however, an intelligent object parameterized with dimensional
rules and equipped with other parameters for non-geometric information was created.
Among the types of parameters used are textual parameters that make the contained data
directly readable (embedded data) or URL parameters corresponding to external files stored
in specific folders (linked data). For each type of diagnostic investigation, a personalized
parametric family with a defined geometry was prepared and placed in the exact place
where the investigation was performed. This also provides the opportunity to quickly
compare the results of different tests performed on the same part of the structure. The
parameters entered include the type of test, the investigation code, the date of execution,
the equipment used, and the link to the data sheet. (Figures 13 and 14).
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Figure 13. An example of a personalized parametric family for endoscopic tests.



Heritage 2024, 7

1348

Propriets

_Georadar
Georadar

| Segnaletica (1) v | B8 Modifica tipo
Quota altimetrica ... -38.0672 b~
Host Muro di base : Muro2
Quote A
Lunghezza 32.0000
Profondita -2.0000
sp 0.2000
Dati identita A
Tipologia Prova Scansione Georadar - v 12.8 c...
Strumentazione Radar Stream-T i
Data esecuzione 2022-10-04
Collocazione Parete esterna fianco est
Spessore elemento ca.2m 1
Codice Indagine 1
Radargramma _georadar PE(1)
Immagine
Commenti
Contrassegno
Fasi A
Fase di creazione Stato di Fatto
Fase di demolizione 'Nessuno
v
Guida alle proprieta Applica

1:100 B KO RHEE 0 MG <

Figure 14. An example of a personalized parametric family for GPR investigations.

The data processed during the seismic safety analysis were linked to the model by
means of a parametric object, which provided access to the information collected on the
seismic action assessment via URL.

The use of Revit’s schedules provides a unified framework of investigations closely
linked to the model via a one-to-one relationship that allows the database to be easily
interrogated. Information content can always be updated using schedules and filtered or
displayed in model views.
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4.3. Seismic Vulnerability Assessment via a BIM-Based Approach

Thanks to the database developed as previously mentioned, the unified framework
of investigations involving the Tower can be consulted directly on the model. The results
of the diagnostic campaign, combined with the walls and floors characterization, are
integrated into the model using specific parameters. The incorporation of geological data
into a three-dimensional environment has facilitated the instantaneous visualization of
relationships between the subsurface structure of the area and the building. Geological
stratigraphy has been modelled by assigning relative characteristics. In the pre-analysis
phase, the model transforms into an interactive database, a valuable tool for extracting and
processing data to conduct seismic safety analyses of the tower. Below are described the
simplified seismic vulnerability analyses performed using the BIM approach to modelling
and sharing results.

4.3.1. Simplified Seismic Assessment—LV1 and LV2

As indicated in Section 2.2, the seismic safety assessment of the tower has been
developed following the first two levels of assessments (LV1 and LV2) proposed by the
Italian guidelines [1].

The seismic demand has been characterized following the Italian standard [38]. A
nominal reference period of 50 years has been assumed, with a use coefficient of 1.5 (use
class III), obtaining a return period (TR) of 75 years. Seismic safety was computed with
respect to the life safety limit state (SLV) of 712 years of return period, considering a subsoil
category A (according with geological profiles) and considering a topographical category
T1, resulting in a maximum ground acceleration of 0.149 g.

The first level of assessment (LV1) involves the application of a simplified modelling
procedure that evaluates the structure’s global behavior. The safety index can be calculated
in terms of the return period of the seismic action leading to the considered LS and the
corresponding reference return period, or similarly in terms of the acceleration factor
(fa), defined as the ratio between the ground acceleration leading to the LS and that
corresponding to the reference return period (both related to soil category A).

In the case of towers, bell towers, and other structures with predominant vertical
development, for the LV1, guidelines provide a simplified calculation scheme based on
collapse due to pressure bending. This method considers the structure as a cantilever beam
subjected to horizontal forces and to its own weight, and checks for crushing failure in the
compressed zone in different sections. The structure has been divided into uniform sections,
considering openings, detachment points, section reduction, and changes in material or
construction phase.

This procedure is based on imposing the equivalence between the ultimate resisting
moment (My;) and the acting moment in each individual i-section. This allows the ordinate
value of the elastic response spectrum corresponding to the attainment of the SLV in the
i-section (considering the confidence factor FC) to be derived, as follows:

n
nguilel Z Wy

Sesrv,i(T1) = - —
0.85W (Ei ziwk -z *kX::i zkwk) F.

where z; is the heights of the center of gravity of sectors i and k with respect to the
foundations; w; and wy are the weights of sectors i and k, respectively; Se(T1) is the
ordinate of the elastic response spectrum as a function of the first period T; of the structure
according to the direction considered; z; - is the height of verification i-section in relation to
the base; and q is the behavior factor representing the dissipative capacity of the structure.

A more detailed explanation of the theoretical assumptions can be found in [26].
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In this case, due to the significant asymmetry of the tower’s plan, both main directions
of the section were considered in the check. The resisting moment of each section has been
evaluated analytically using the eccentricity method, similar to that reported by [43].

Considering the investigation conducted and the simplified nature of the mechanical
model adopted, the use of parameter sensitivity analysis is valuable. It allowed the effective
understanding of the influence of the most uncertain single parameters on the structure.

Different specific weight and compressive strength values were considered. The
adopted compression strength values were as follows: (i) 1.083 MPa, considering the
minimum value of the “stone masonry with good texture” masonry class [44]; (ii) 1.58 MPa,
considering the maximum value of the “stone masonry with good texture” masonry class;
and (iii) 2.42 MPa, considering the minimum value of the “squared stone block masonry”
masonry class.

Considering specific weights of stone and mortar equal to 26.5 kN/m3 and 17.5 kN/m?3,
respectively, different specific weights were assumed for the masonry: (i) 21 kN/m?3, accord-
ing with “stone masonry with good texture” masonry class; (ii) 22.9 kN/m? considering a
stone/mortar ratio of 60/40; and (iii) 23.8 kN/ m?3, considering a ratio of 70/30.

For the two main verification directions (NS and WE), the periods related to the
predominant modal form in the verification direction were considered in the calculation.
The first mode for the NS direction and the second mode for the WE direction have been
considered. In addition, the periods were considered with the structure in a cracked
configuration (increasing the period by 40%), as well as in the elastic phase.

The obtained results of sensitivity analysis for the first four sections considered are
reported in Figure 15. The results clearly show the sensitivity of this mechanical model to
the assumed compressive strength parameter of the masonry. In this case, a greater critical-
ity was observed in the basal section, especially along the west-east direction (parallel to
the shorter side). Nevertheless, the average of values considered for masonry compressive
strength returned safety indices above one, providing a satisfactory overall evaluation.

Specific weight variation Compressive strength variation
5.00 5.00 5.00
T, el T, inel. T, el
4.00 4.00 4.00
3.00 3.00 3.00
2.00 2.00 2.00
1.00 1.00 1.00
0.00 000 ™ 0.00 ™= I
Sez2 Sez3 Sez 4 Sez 1 Sez2 Sez3 Sez 4 Sez 1 Sez 2 Sez 3 Sez 4 Sez 1 Sez2 Sez 3 Sez 4
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Figure 15. LV1 Results.

These results, although obtained via a simplified modelling procedure, provide essen-
tial information highlighting the level of seismic vulnerability of the tower in relation to
the site risk, considering various aspects related to the materials constituting the structure.
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The second evaluation level (LV2) consists of the assessing of local vulnerabilities of
the structure by means of the kinematics method. The reference model is the limit analysis
of the equilibrium of masonry structures, considered as rigid blocks not resistant to tension.
The kinematic approach is based on the evaluation of the horizontal action sufficient to
activate the collapse mechanism.

In accordance with Italian standards [38], the safety index has been calculated using
linear kinematic analysis via the relationship between capacity and floor level demand in
terms of spectral accelerations using the following relation:

Loy = psLvd
> SeZ,k (Tr & Z)

where S.71 (T, €, z) is the contribution to the floor response spectrum provided by the k-th
mode of the structure of period proper Ty, equivalent viscous damping &, and at z height of
the kinematism; q is the behavior factor usually chosen equal to two; and a, is the spectral
trigger acceleration of the kinematism of the equivalent system.

Considering the generally positive results of the structure in the LV1 analyses, the
local vulnerabilities were focused on the non-structural elements, such as the merlons.
Numerous case studies in the literature highlight the susceptibility of merlons to oscillations
induced by seismic activity [45]. Overturning is possible if the merlons are not reinforced
with vertical bars within the masonry. Structurally, a merlon can be considered as a
cantilevered beam, subject to flexure. After a crack forms, it behaves as a rigid block
capable of sliding or rotating. Since these elements are typically located on top of structures,
it is essential to consider the contribution of the underlying structure in the evaluation of
seismic demand [46]. As in LV1, it is important to take into account the different dynamic
behavior of the structure in relation to the direction of the assumed seismic action for the
verification. For this reason, in this case, given similar geometric characteristics and the
same height of the merlons, four configurations were analyzed by considering the first two
periods of the structure in both elastic and inelastic phases.

Table 1 shows the safety index calculated for different directions of seismic action.
Safety index values for the analyzed assumptions consistently exceed one, meeting the
performance criteria for life safety limit state (SLV).

Table 1. LV2 results.

Sez gy (To, &, 2) as [g] Is g1v
T1 el 0.218 0.163 1.49
NS dir. -
T1 inel. 0.215 0.163 1.51
T2 el. 0.219 0.163 1.49
WE dir. :
T2 inel. 0.216 0.163 1.51

4.3.2. Seismic Vulnerability Data Insertion and Organization

The integration and organization of data in the model is crucial to the clear communi-
cation of seismic vulnerability assessment information.

Similarly to data obtained from the diagnostic campaign, this was performed using a
customized parametric family containing insights related to the seismic analyses.

The integrated information not only includes the analysis results, but also explains all
the methods and settings adopted. For example, information about the mechanical model
used and its theoretical assumptions, as well as the parameters used in the calculations, such
as the mechanical properties of materials and the geometric properties of various elements.
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Regarding LV1, Figure 16 shows the different sectors and sections considered for each
verification direction. Via the three-dimensional visualization, it is easy to identify the
position of the most critical sections based on the direction of seismic action to which the
structure is most sensitive.
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Figure 16. LV1 data linked to the model via a specific parametric family.

Similarly in the case of LV2, Figure 17 highlights the information contained in the
model, such as the hypnotized kinematic mechanism scheme, its geometric characteristics,
and material specific weight, as well as the variation in the seismic demand.

A key benefit of this organization scheme is its accessibility and clarity. Stakehold-
ers involved in the recovery process can easily access and interpret results, facilitating
decision-making processes such as the planning of intervention aimed at improving seismic
performance. In addition, the systematic organization of data makes it possible to identify
the most critical areas and the most vulnerable local elements, facilitating the prioritization
of interventions.
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Figure 17. Assessment of local collapse mechanisms: LV2 data are also linked to the model.

5. Conclusions

This paper presents the application of the HBIM methodology to manage experi-
mental information obtained from diagnostics up to the structural evaluation phases of
San Niccolo Tower/Gate, one of the access gates to the fourteenth-century city of Flo-
rence. In this case study, the main objective is to create a historic building model based on
interdisciplinary research.

The authors collaborated to collect information to define an HBIM model. The model
collects and archives the information derived from the knowledge and structural evaluation
process. Thanks to a detailed three-dimensional survey, it is possible to rebuild the geometry
that adheres to the state of the building. The historical information allowed us to reconstruct
the evolutionary phases of the building and contextualize them in the model. The diagnostic
campaign provided the main mechanical properties of the materials that constitute the
structural components. All this information contained within a single platform allows for
integrated reading.

The first results of the structural assessments, carried out according to the Guidelines,
allow a positive judgement using the LV1 assessment; in fact, the structure presents a safety
index greater than one considering the average values of the mechanical properties of the
materials. Similarly, LV2 assessment of merlons returns favorable values.

Preliminary information and structural assessments can support decision-making
processes that often involve multiple institutions and actors. The BIM approach therefore
allows for effective collaboration between parties, improving the process of management,
valorization, and protection of architectural works.

Thanks to the accurate and constantly updated archiving of information, it is possible
to define the state of preservation of the building at any given time and to optimally plan
maintenance work or more appropriately define its execution. This makes it possible to
develop effective intervention strategies to address current critical issues and minimize any
emergency interventions due to lack of knowledge and planning.

The implementation of the knowledge management system is essential to effectively
organizing, archiving, and then accessing large amounts of information of various types.
The development of data visualization tools and searching functions can simplify the
process and use of knowledge by stakeholders. This is relevant in the context of seismic
vulnerability assessment, which can employ simplified modeling strategies. It is essential
that the correct assumptions at the base of such models are adequately supported by
the intersection of comprehensive information about the structure. When more refined
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structural models are adopted, further investigation should be conducted. In these cases, the
principal advantage of the knowledge management tool would be in managing complexity.
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