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Abstract: The growing use of highly specialized tools has led to a better knowledge of the mechan-
ical properties of the structures, reducing the destructive tests. The paper is aimed to identify an
investigation method capable of directing staff in the planning of non-destructive test. The experi-
mental campaigns must be planned in order to optimize the number and the type of tests to limit
invasiveness and impact. The proposed method has been organized in a logical scheme that permits,
in five steps, to predict with a good approximation the critical sections for an optimal setup of testing
instruments. This method has been applied to the Octagonal Hall in Diocletian’s Bath, to establish a
better location for the dynamic endoscopy and tomographic tests. A geometrical model was built
using the plans, elevations, sections provided by the National Roman Museum and the point cloud
made through a drone. With HBIM (Heritage Building Information Modeling) it was possible to
synthesize the information obtained from the geometric and material survey and then to convey it to
a finite element model built on Midas Fea NX. Then, structural analyses, both linear and nonlinear,
have been carried out for the optimal test setup.

Keywords: Roman masonry; in situ investigation; non-destructive tests; heritage BIM; UAV

1. Introduction

Intervening on buildings with a life history, sometimes centuries old, and that have
undergone modifications or structurally stressful events over time requires a detailed local
and global knowledge, which can only be achieved through specific on-site diagnostic
campaigns aimed at understanding the structural behavior of the entire structure. Given
the importance of the historical structure, which is often considered a valuable asset, it is
difficult to define a sustainable investigation plan due to architectural constraints that limit
invasiveness. Moreover, limited funds and problems related to accessibility in situ make
the situation more difficult. The aim of this article is to limit the DT (destructive testing)
and to extend NDT (non-destructive testing) by defining an adequate investigation plan
for the study of the building, in order to be less invasive and more sustainable.

The application of NDT is often considered one of the preliminary steps. It is therefore
necessary to carefully determine the areas of intervention and the most significant positions
to reduce the number of tests. Often, this preliminary assessment is carried out with an
exclusively visual approach, evaluating the condition of the structure from a qualitative
point of view. New technologies such as UAV (Unmanned Aerial Vehicle) surveys with
high-performance drones and new methodologies such as HBIM enable the investigation of
existing structures in a more sustainable and efficient way. The UAV investigations is aimed
at inspecting the structure in order to obtain information fundamental for understanding
the geometric characteristics but also for analyzing the current state of conservation of the
structure. Using the “Structure from Motion” photogrammetric technique, it is possible to
extract high-definition videos, recorded through the flight of a drone, in order to extrapolate
data for the creation of the point cloud [1,2]. The point cloud is defined as a digital
transposition of building surfaces, consisting of millions of points in space defined by
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unique geometric coordinates. The point cloud provides important information for the
creation of a three-dimensional model in HBIM [3]. HBIM is a tool applied to existing
buildings, monuments, archaeological structures and infrastructures. This tool also extends
the use of the BIM to the creation of models of the existing building, both as their digital
and geometric rendering in 3D, and as intelligent models rich in information, in which all
the parts that compose them are parametric objects. Despite this, the modeling problems
compared to the BIM technique are greater, especially with regard to the creation of unique
libraries capable of describing each individual component of the structure, as well as with
regard to the ability to consider the chronological evolution of the structure over time.

In this study, the main focus is to integrate the mentioned aspects in a logic scheme, in
order to identify a methodology to optimize the test setup, including onsite local measures
and global dynamic monitoring, to be carried out on a historical heritage architecture.
The integration of onsite tests with dynamic monitoring under ambient vibration, allow
the tune up of refined finite element models to investigate the local aspects and damages
related to the structural behavior and the state of conservation of complex systems such as
the monumental ones. In particular, the recording of response accelerations of the building
and their processing give the actual properties due to the suffered damage and cracking.
To achieve this aim, five different phases have been identified (Figure 1).

HISTORY GEOMETRICAL PRELIMINARY STRUCTURAL ANALYSIS AND
MODELING ASSESSMENT MODELING SETUP

Historical || Visual Data | | Material

background inspection collection survey PCB Setup
|| UAV Heuristic | | Geotechnical

investigation evaluation data NDT Setup

| | Geometrical L e model

survey

| | Geometrical
3D model

Figure 1. Workflow of proposed methodology for optimization of experimental test setup.

History collects the main historical events of the building with particular attention to
the structural modification for a long period (Section 2).

Geometrical modeling includes different phases as visual investigation (Section 3.1),
UAV flights that allow for the extraction of high-definition videos (Section 3.2), geometrical
surveys of the construction through plans, sections and elevations (Section 3.3), geometrical
3D models and HBIM (Section 3.4).

Preliminary structural assessment consists of a heuristic evaluation of the structure
that synthetically brings together information from all the collected data (Section 4)

Structural modeling consists in materials (Section 5.1) and subsoil (Section 5.2) and
finally structural modeling through a finite element model (FEM) (Section 5.3).

Analysis and optimal setup consist of a modal analysis to predict the relevant displace-
ments to figure out the best positioning for dynamic sensors (accelerometers PCB and/or
MEMS) (Section 6.1) and a pushover analysis to individuate the most stressed sections to
figure out the optimal on site non-destructive and semi-destructive tests (Section 6.2).

The proposed method has been applied to the case study of the Diocletian’s Baths, in
particular on the Octagonal Hall (OH) and the adjoining church of Saint Isidoro (SI) and
the masonry Wall fragments of Gymnasium (WG) (Figure 2).
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Figure 2. Three-dimensional view of the Octagonal Hall (OH), the church of Saint Isidoro (SI) and
the Wall fragments of Gymnasium (WG).

2. Historical Background

Part of the original huge complex is preserved due to a series of historical events
that have partly changed its original plan. Regarding the portion under investigation
in the present paper, the most significant transformation is the construction of the first
public granary in Rome by Gregory XIII in 1575 to solve the food needs of the city [4].
The four thermal halls were well suited to the needs of capacity and efficiency of the
granaries, characterized by an elongated shape on three levels (top floor, middle floor
and unloading floor) with large openings functional to the wheat drying process. The
growing demographic and economic development of the city led to the need to expand the
granaries already in use and to build others: first with Paul V, who built a new building
perpendicular to the Octagonal Hall between 1609 and 1621, and then with Urban VIII,
who, in 1640, extended the complex until the Strada Pia (Figure 3).

L omi ssing structures of the Baths of Diocletian
Preserved structures of the Baths of Diocletian

[—

B Granary of Gregory XIll

M Granaryof PacloV

I Granary of Urban Vill 0 ey
| Passage of the Acqua Felice 0 1 A

e i

Figure 3. Historical phases of the granaries of Rome.

The Octagonal Hall was used exclusively for a functional reuse of the existing wall
structures; consequently, new floors were built, new windows were opened and the brick
curtains were covered with plaster. The large side arches were closed, and the dome
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was covered with a roof. The image of the monument changed drastically, completely
transforming its internal and external appearance. With the suppression of the wheat
and oil Annona wanted by Pius VII and with the opening of Via Cernaia in 1878 at the
service of the new Ministry of Finance, the hall became partially isolated from the thermal
complex, which, in 1890, became the Roman National Museum. In 1936, demolitions were
started to eliminate what remained of the granaries. After the Second World War, the
Octagonal Hall remained an isolated building. Significant evidence of the changes can
be found in Paulin’s plates made by the end of 1879 [5], which illustrate the original plan
of the baths in the Roman age (~300 d.C), the plan in its current state at the time of the
drawing and the southeastern elevation where it is possible to observe the gutting that has
created Via Cernaia and the appearance of the octagonal hall still in the configuration of
the granaries [5] (Figure 4).

.,_
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Figure 4. Edmond Paulin, 1890 [5].

In 1928, a metal dome was built, which led to the use of the hall as the planetarium
of Rome [6]. The planetarium was decommissioned in 1983, and subsequently, some
restoration and consolidation work began that involved the dome, the ground floor and
the vaults supporting it.

3. Geometrical Model
3.1. Visual Inspections

An inspection was carried out inside the Octagonal Hall, the adjoining church of Saint
Isidoro and the masonry Wall fragments of Gymnasium. The Octagonal Hall is the corner
hall of the west side of the entire complex of the Diocletian’s Baths. Through a visual inspec-
tion and with the help of photographic surveys and drones, it was possible to preliminarily
investigate the structure, note the different materials and make initial assumptions about
the state of conservation of the structure. In Figure 5, a section of WG shows the inside core
made of “opus caementicium” and exterior panels built in “opus testaceum”. This technique
represents the main Roman construction method in the Imperial Age.
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Figure 5. Section of masonry Wall fragments of Gymnasium (WG).

Looking closely at the complex, it is possible to observe damaged areas and por-
tions with some repairs over time that are distinguished respect to the plain masonry
(Figure 6). This subdivision, identified on site by visual inspection, could suggest a model-
ing with three different types of masonry defined as plain masonry, repaired masonry and
damaged masonry.

Figure 6. The main damaged parts (highlighted in blue) and the visible restorations (highlighted
in red).

The exterior appearance is a consequence of the interventions carried out after the
disposal of the Granaries (Figure 4). It is therefore obvious the importance of verifying the
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consistency inside of the wall, through in situ investigations (tomography and endoscopy)
and collecting data into HBIM useful to a well-founded maintenance.

Entering the Octagonal Hall, the main building of the examined portion, including SI
and WG, it is possible to see an octagonal dome that has a diameter of about 22 m with
an open oculus at the top with evident traces of degradation. The degradation was also
confirmed by the presence of little pieces of plaster and bricks fallen on the floor from the
dome, which encouraged the investigation of the internal state of the dome and the iron
fuller dome, which makes it difficult to visually inspect the surface of the vault.

3.2. UAV Investigations

A survey of the intrados of the dome was carried out through a drone. The investi-
gation is aimed at inspecting the interior of the dome to obtain a point cloud, useful to
understand the material state of the inner surface but also for analyzing the progressive
losses of material over time. Through the UAV flight, high-definition videos were recorded
to obtain a better knowledge of the state of conservation of the masonry and details for
the creation of a three-dimensional model in HBIM. Figure 7 shows the interior of the
Octagonal Hall and trajectories of the drone inside the dome.

Figure 7. Interior Octagonal Hall and trajectories of the drone inside the dome.

Some significant frames were extracted from the high-definition videos and a three-
dimensional model of the inner surface of the dome was built using the “Structure From
Motion” photogrammetric method [1-3]. The model built using the Metashape software [7]
should be a reference for identifying the alterations of the dome.

The Figure 7 shows the point cloud of the interior of the dome, where it is possible to
highlight the presence of areas with a probably different behavior. From a careful study
of the point cloud, together with the drawings available from a previous survey of the
Octagonal Hall, the dome is made of eight veloidic masonry elements, joined together to
obtain a “melon shaped dome”. In fact, the eight elements, being synclastic elements, have
a parallel curve and a meridian curve, both with an internal concavity [8].

Figure 8 shows the generation of a melon-shaped dome. Inside each veloidic elements
there are brick ribs embedded in the masonry [9]. Their execution, therefore, proceeded with
the casting in “opus caementicium” and was used to contain the great mass of Roman opus.

Figure 8. Point cloud in Metashape software (left) and melon-shaped dome (right).
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3.3. Geometrical Survey

The UAV videos have been integrated with drawings available from surveys executed
in 1978 [10], in 2011 by Monica Cola and in 2020 [5] and collected in the archives of the
technical office of the Baths. Some of the plans and elevations commissioned by the Roman
National Museum are shown in Figure 9.

Figure 9. Plan, elevations, sections provided by the Museo Nazionale Romano.

The hall has a square plan externally and an octagonal plan internally using semi-
circular niches.

The original floor is located at a lower level (=1.78 m below the present ground level),
consequently bringing the structure to a height greater than the current one.

3.4. Geometrical 3D Model

For the HBIM of the Octagonal Hall all the information was used and have been
included in the model, the plans, elevations, sections provided by the National Roman
Museum, the historical photos and the point cloud built through the flight of the drone on
the intrados of the dome. The data was imported into Autodesk Revit 2019 software [11]
and was appropriately scaled and positioned in order to have more points of view of the
structure. Figure 10 illustrates the insertion of all the drawings and the point cloud.

Figure 10. Import of plans, sections, elevations and the point cloud into Revit 2019.
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The octagonal dome was built through a rotation, on the octagonal plan, of a profile
calculated through the point cloud and sections of the structure. This extrusion was built
into the point cloud in order to highlight the material differences. In particular, with the
information obtained from the point cloud analysis, it was possible to create the HBIM
model of the dome with 16 ribs and 4 remakes positioned at the base of the dome.

Subsequently the main elements of the Octagonal Hall were modeled, considering
all the information at the same time. In Revit, these elements were built as “a Wall local
elements”. Through this construction method proposed by the software, it is possible to
model the main wall elements as a solid element. Once the main structural components
were built, the facade of the church of Saint Isidoro and the different portions of masonry
due to renovations or more deteriorated and damaged areas have been included in the
model. These areas of different material reflect the historical evolution already described
(Section 3.1) and show the structural changes that the monument has undergone, due to
the transformation in Gregory XIII's granaries (Section 2). Figure 11 shows the construction
process in HBIM of the Octagonal Hall.

1 Step

Figure 11. Construction process of the dome of the Octagonal Hall.

4. Preliminary Structural Assessment

The collected data allow a heuristic evaluation of the structure, preliminary to its
numerical modeling and synthetically brings together information from the history, the
overall geometry, from the visual inspections, however conducted.

The vulnerability of the complex depends both on the changes that have taken place
over a very long period and on the initial consistency of the various constructive elements
that compose it.

The Octagonal Hall is now an almost complete and well-preserved building. The
corner building is even originally less vulnerable than the adjacent structures, however, it
has undergone some considerable changes. Its use as a papal granary led to the opening of
windows which were then plugged up after its dismission. Furthermore, masonry vaults
were built to support the floor at the road level. These seventeenth-century vaults have
recently been badly consolidated and therefore required a loading test (a large cushion
filled with water) to assess their vertical limit load (Figure 12a). The opening of Via Cernaia
interrupted the structural continuity, causing a visible crack in an adjacent room (Figure 12b).
Due to the intense vehicular traffic and the nearby subway line, static monitoring and
dynamic ambient vibration monitoring were performed (Figure 12c). A chain was inserted
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to control the opened crack on the exterior wall on the side of Via Cernaia (Figure 12d); the
brick wall facade, which seems original, is made with triangular bricks typical of the Roman
construction technique of the Imperial Age.

Acceleration [m/s/2] Wheeled vehicles
7 h
s o e i S
0.00 s .
0.05- | | | |
0.05
0.00+ Sr— ‘ ‘ e
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0.00 -4“: e = ;
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Figure 12. (a) Local test on the Octagonal Hall, (b) a visible crack, (c) monitoring of the vehicular
traffic and the nearby subway line, (d) a chain inserted to control the opened crack.

The most vulnerable part of the complex is the high isolated wall fragment of the
Gymnasium (WG). This is affected by reinforced concrete structures that support the
adjacent Via Parigi, which is also subjected to heavy vehicular traffic (Figure 13). The
influence of these structures should be evaluated in FEM modeling.

Figure 13. The fragmented wall of the gymnasium and the reinforced concrete slab supporting
Via Parigi.



Heritage 2021, 4

2214

Saint Isidoro could be of medium vulnerability considering its smaller mass and
continuity with the Octagonal Hall and the isolated wall.

In modeling, the uncertainty about the depth of the wall restorations after the remov-
ing of the granary facies should also be considered, as well as the state of the intradosal
material of the dome.

This preliminary assessment integrates the data collected to build an effective HBIM
model useful to plan a sound maintenance of the complex; moreover, it is crucial for the
implementation of a thoughtful FE model for structural evaluations.

5. Structural Modelling
5.1. Material Survey

For the purposes of structural evaluation, the appearance of the external skin is not
significant, it is necessary to know thicknesses, stratigraphy, any cavities. To this end,
investigations such as endoscopies and sonic tomographies could be necessary as well as
the relative humidity map as a measure of the predisposition to degradation.

The masonry of the Imperial Age is realized by a core in “opus caementicium” made of
rubble tufa stones, bound by a mortar of lime and pozzolana, protected by two external
facing in “opus testaceum”. In the wall, so built, some layers of bipedal bricks are inserted to
mark horizontal planes. In the masonry mass of the dome, eight ribs are inserted at the
intersection of the sails and another eight ribs in the middle of the sails themselves. There
is no agreement among scholars on the function of these ribs.

The knowledge of the construction techniques of Roman masonry of the Imperial Age
is well known, but unfortunately, the knowledge of its mechanical properties is still insuffi-
cient due to the lack of experimental data. In this paper, the mechanical characterization
of Roman masonry has been assumed from the few available data provided by Samuelli
Ferretti [12] and Philip Brune [13].

5.2. Geotechnical Data

The study of the soil characteristics of the Baths of Diocletian was carried out thanks
to the geological and geoarchaeological report prepared for the Soprintendenza Speciale
per i beni archeologici di Roma and delivered by the Roman National Museum. Figure 14
shows the plan and sections of the reconstructed stratigraphy near the Octagonal Hall
based on the cores extracted.

The values used for the characterization of the soil refer to the boreholes closer to
the Octagonal Hall. The most significant data obtained from a sample extracted at 28.4 m
are: Unit Weight Yy = 19.3 kN/ m?3, an Oedometric module Eed = 35,706 kPa, a Coesion
C =43.9 kPa and a Friction angle ¢ =23.2°. The data thus obtained were used to describe
the behavior of the soil in the finite element model. This information was compared with
the geological maps of the city of Rome made by Ugo Ventriglia published for the Provincial
Administration of Rome in 1971 [14] and with the maps of the Geographic Information
System of Metropolitan Cities of Rome Capital [15]. The objective of this comparison is
to provide a general procedure capable of providing information on the type of terrain
in the city of Rome for preliminary analyses. Thanks to the sections made by Ventriglia
near the Octagonal Hall, it was also possible to hypothesize part of the stratigraphy of the
soil [14] and to compare the results with the experimental tests carried out. Consequently,
the presence of a superficial layer of Pozzolana and a more important layer of underlying
lithoid tuff was hypothesized. The comparison shows that the data obtained from Ventriglia
are very general and less detailed, but still a very good guide in the absence of experimental
geotechnical tests. Figure 15 shows part of the plan and sections of the Geological Map of
the Ventriglia with the positioning of the Octagonal Hall.
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Figure 14. Geotechnical sections of experimental tests carried out by SOGEA srl.
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Figure 15. Plans and Sections of Rome made by Ventriglia.

5.3. FE Model

Once the 3D model in HBIM was completed, the information of the structure was
exported in the Midas Fea NX software [16,17]. The model in Revit has been subdivided
according to different mechanical properties. Then, the mesh has been obtained by auto-
mated generation process available in Midas Fea [17] NX, with a total of 694,102 elements
and 136,205 nodes (Figure 16).

Figure 16. FE model of the Octagonal Hall.
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The structure was joined in continuity to the soil at the base and on the lateral surfaces.
The connection between the structure and the ground was realized using an “interface
element” capable of restoring the interaction between the different materials. The general
practice in many roman structures was the use of materials with different densities, heavier
in the foundations and lighter in the upper structures and in the vaults. Consequently, it is
possible to assume that the density of the cement decreases with the increase of the height.

Elastic moduli and densities assumed in the model are listed in Table 1. The colors used
in the Table 1 represent the different portions of material used in the finite element model.
In order to differentiate between damaged masonry and repaired one, it was decided
to apply a coefficient of variation equal to 20%. The constitutive model for the “opus
caementicium” is given using Samuelli Ferretti’s data in compression and the approximate
bilinear behavior proposed by Brune in tension [11]. The constitutive model is shown in
Section 6.2

Table 1. Mechanical characteristics of the materials defined in the FE model in Midas Fea Nx.

Elastic Modulus . Unit Weight Y
Color Name E [MPA] Poisson v [-] [kN/m?]
masonry—lower
Plain 2600 0.2 16
masonry—medium
Plain 2600 0.2 14
masonry—upper
e Ribs 3120 0.2 16
Repaired masonry 3120 0.2 16
Damaged masonry 2080 0.2 16
Soil 26.52 0.3 19.3

6. Analyses and Results

Once the finite element model was developed, different analyses were carried out to
identify the optimal setup for the positioning of the dynamic tests and the non-destructive
tests. With the modal analysis (Section 6.1), it is possible to obtain information on the
dynamic behavior of the structure and figure out an optimal configuration of the accelerom-
eters based on the most significant displacements. With the pushover (Section 6.2) on the
other hand, it is possible to obtain information on the most critical sections and conse-
quently define the position of the non-destructive tests to better characterize the behavior
of the structure.

6.1. Modal Analysis and Accelerometer’s Configuration

The analysis, with the software Midas Fea NX [16,17], were carried out by calculating
eight vibration modes with the Lanczos method. The frequency values of the vibration
modes and the corresponding participating masses are listed in Table 2, while the most
representative mode shapes are given in Figure 17, where the letters A and B represent the
points with the largest displacements.

In order to obtain an optimal configuration of the accelerometers, avoiding nodal
points of zero displacements, the maximum and minimum displacements of the nodes in
X, Y and Z were considered from the modal analysis [18]. The choice of the modes for the
optimum setup, was made by identifying the modes with a greater participant mass.

The obtained configuration for accelerometers (Figure 18) will allow the OMA.
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Table 2. Frequency and modal effective mass of the FE model.
MODAL EFFECTIVE MASS FREQUENCY
MODE X [%] Y [%] Z [%] f [Hz]
1 6.93 0.17 0.01 1.22
2 9.24 1.92 0.01 1.32
3 3.37 41.03 0.36 1.50
4 0.41 6.12 38.72 1.83
5 0.08 1.04 2.84 1.84
6 1.63 7.59 13.94 2.01
7 28.05 421 0.02 2.03
8 0.00 0.04 3.55 2.40

® AB,C,D, GP,Q Triaxial
QD FEHILMNO  Biaxial
O E Monoaxial

Reference

Run 1

Run 2

Run 3

Run 4

Run 5

Figure 18. Positioning of the PCB accelerometers for the environmental vibration analysis (OMA).

The OMA is a method that aims at identifying the modal properties (frequencies,
damping ratios and mode shapes) of a structure under ambient vibration. This means that it
is sufficient to analyze the response of the structure to unknown random vibration (output-
only modal identification) to extract the modal parameters of the building. Frequently, the
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total number of accelerometers available is not sufficient to assess the overall behavior
of the building; for this reason, it is necessary to use the Multi-Run Operational Modal
Analysis Method.

This method post-processes the OMA of each run relative to the main parts of the
construction. The modes of each run are later combined and scaled based on the most
appropriate and complete run (target modes). With the use of the Multi-Run technique, it
is important to evaluate the position of the reference at a point with important dynamic
displacements, always avoiding nodal points, to adequately scale the data obtained from
the other accelerometers. It is usually advisable to have at least two triaxial references [18].
In case at hand, it has been chosen to use five different runs with two fixed references
(Node A and Node B) subsequently joined through the Multi-Run technique.

6.2. Pushover Analysis and NDT Setup

The non-linear static analysis was carried out in Midas FEA NX, applying two types
of lateral forces:

- the first proportional to the masses defined as a uniform load (Mass Push);
- the second proportional to the second vibration mode in X and to the third in Y
(Modal Push).

Both push loads were applied independently along the x and y axes. The analysis
was carried out by applying them to the initial condition of the structure (vertical loads) as
a horizontal increasing load. The vertical load was applied in 3 steps and the horizontal
loads in 40 steps, using a convergence criterion. The push proportional to the masses of
the structure and the push relative to the vibration mode was applied, automatically by
the software, in concentrated forces to each node. The value of the force calculated from
the response spectrum, was further amplified by a double factor, to make the effect of
material plasticization more visible. The push obtained from the spectral analysis has been
calculated using the seismic spectrum proposed by the NTC2018 [19].

The non-linear behavior of Roman masonry has been modeled using the theoretical
curves implemented in the software Midas Fea NX. To describe the behavior in the plastic
compression field, a compression curve was used, proposed by Feenstra [20]. For the
tension curve, the one proposed by Hordijk, Cornelissen & Reinhardt [21] and Hordijk
& Reinhardt [22] was used. Both of these curves were correlated with the experimental
curves proposed by Samuelli Ferretti [10] and Brune & Perrucchio [11].

The theoretical curve is based on a Smeared Crack Model [23,24] and is given in terms
of stress vs. strain. The experimental values obtained by Brune & Perrucchio were then
converted into a 0—¢ relationship, assuming a constant strain distribution over the crack,
justified for a mesh element with a lower order and for particular cases of symmetry, as
in this case [25]. The correlation between the experimental and numerical curves has
been illustrated Figure 19. As for the case of elastic analysis, due to the different states of
degradation, it was considered a variation equal to 20%.

The soil has been modelled with springs with a stiffness estimated based on the
available geotechnical data, assuming that the modulus of the subgrade reaction is equal to
ks = 36,000 kN/m? (Silty medium dense sand). The results of the analyses are in Figure 20,
in which the cracks opening in the last step of each push-over analysis is plotted.
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Figure 19. Correlation between the experimental and theoretical curves (compression and tension).
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Figure 20. Southeast view: cracking in the different push-over analyses.

As a final result, it is possible to highlight areas where greater damage can be expected
and predict critical areas to be tested (Figure 21).
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Figure 21. Areas where greater damage can be expected (red) and safe areas (green).

7. Conclusions

The research work integrates different sources and techniques such as historical re-
search, material data, geo-technical data, visual inspection, drone inspection, geometric
modeling and HBIM modeling to obtain a finite element structural modeling of the his-
torical buildings. Obviously, the goodness of the obtained structural model is sensitive to
an expert judgment that allows for the development of an overall structural assessment
that is preliminary to a rigorous modeling. The visual inspection is fundamental, which
should be the first approach to the structure, allowing for the identification of the different
materials used, the areas where there is any degradation and any reconstruction carried
out during the building life.

In particular, the HBIM technique allows for the continuous updating of the building
database, including the addition of layers from monitoring data, and therefore it could be
useful for managing maintenance interventions over time. Given a performed HBIM, as a
3D reference model, it will be easier to monitor and individuate cracks, degradation and
any other source of modification.

The paper demonstrates the possibility of establishing a methodological path to
design a set of non-destructive measures, such as tomography and endoscopy, and ambient
vibration tests, optimized in both number and type. In the specific case of the Diocletian
Baths, the proposed methodology allowed for an optimal planning of the tests in progress,
which will make it possible to update the FE model for a more accurate design of any
future intervention.

A crucial aspect is the collection of all the information useful to describe the structure
under evaluation: documents and geometric data, plans, elevations and sections, and
historical background including the different historical phases that have taken place in the
past, which may have modified the original structure.

Today, help is given using photogrammetry techniques that, through the use of drones,
aim at obtaining information on the geometric characteristics and sometimes to identify
degradation sources. More difficult is the characterization of material properties in absence
of mechanical tests.

Unfortunately, the research highlighted the lack of sufficient data to characterize the
mechanical parameters of the Roman masonry of the Imperial Age, despite being well
known from the historical and archaeological point of view. The scheduled experimen-
tal campaign will provide a valuable contribution to the knowledge of the mechanical
properties of the opus caementicium. More generally, a systematic application of the
proposed approach to the heritage assets, would help the institutions responsible for their
conservation and restoration.
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