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Abstract: A multidisciplinary approach is often the only way to assess the state of the cultural
heritage, thus involving different specialist expertise and techniques. The paper shows the paired
use of terrestrial laser scanning (TLS) and geophysical monitoring (GM) to detect past effects and
analyse the actual vibration levels induced by traffic on cultural heritage. The case study is the Villa
Farnesina, one of the most important Renaissance buildings commissioned by the banker Agostino
Chigi. The Villa contains frescoes attributed to Raphael and other famous 16th century artists, and
it is located a few meters from the Lungotevere, which is one of the busiest roads in the historic
centre of Rome. Testimonies report the damages caused by the construction of the embankment of
the Tiber River, as well as by the traffic in the second half of the 20th century, so much so as to require
requalification of the road artery. The TLS survey allows for detecting cracks and deteriorations of
the frescoes, although these were subjected to restoration activities over the time, whereas the (GM)
allows analysing actual vibrations induced by traffic at the different floors and outside the Villa.
Although the measured vibration limits, as velocity peaks in defined frequency ranges, are below
the thresholds established by international codes, the importance of the wall paintings and their
already-shown susceptibility to damage suggest keeping the building under constant monitoring.

Keywords: terrestrial laser scanning; geophysical monitoring; cultural heritage; traffic-induced
vibrations; Raphael’s frescoes; Villa Farnesina; Lodge of Galatea

1. Introduction

The urban transport is one of the crucial issues to guarantee the urban sustainability of
cities in the mid- and long-term. The main challenge is to find solutions to address peculiar
problems related to the mobility of people and freights, such as reasonable travel times, the
technical and economic feasibility of the infrastructure and sustainable integration with
the urban fabric [1]. Another important issue to be addressed, however, is that relating to
the mitigation of the negative effects due to the transport infrastructures on the life quality
of citizens and tourists, such as the polluting impact on the environmental matrix [2—4] as
well as the physical one on the built heritage [5-7]. The exposure generally increases when
the assets are in populated urban centres seamlessly; indeed, in many cities throughout
the world, the proximity of busy transport infrastructure represents a threat both to the
environment and built heritage. In the latter component of the urban environment, the
historical centres, ancient buildings and archaeological sites are often the most exposed
assets; in fact, these show a high vulnerability both to events of rapid onset and of typically
short duration (e.g., dynamic loads due to earthquakes) [8-12] and those of slow onset and
typically protracted duration (e.g., continuous, cyclic transient and mixed vibrations due to
anthropic activities) [13-16].
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Vibrations from human sources, and in particular those induced by heavy traffic flows
(due to vehicles, subways, railways, etc.), are among the most common causes of small
aesthetic damages to structures [13,14,17-19]; moreover, they can cause loss of integrity
and increased vulnerability of the assets of cultural heritage. In fact, although the traffic-
induced vibrations are generally characterised by low amplitude, their high number of
loading cycles over time can have particularly negative effects on the historic masonry due
to its inability to accommodate tensile stresses, with the consequent deterioration of mortar
and plasters and the detachment of the masonry unit, which can result in a progressive
reduction of the resistance for the entire structure [20,21].

However, the dynamic behaviour of the pavement-soil system is generally too complex
to be analysed because it is characterised by a vibration regime that is the superposition of
effects related to both body and surface waves propagating in a heterogeneous field [13].
In addition, the structures alter the frequency content and amplitude of the ground motion
generated by the vibration source because of the resonance phenomena connected with their
dynamic properties. In this context, the amplification phenomena might play a relevant
role, leading to high stresses in both structural and non-structural elements. Thus, the non-
structural aesthetic elements of the cultural heritage assets, such as plasters, frescoes, and
decorative parts, which are generally made of fragile materials with low-tensile strengths,
are the most exposed.

Therefore, in addition to characterising the levels of vibration produced, it is also
extremely important to support knowledge of cultural heritage in order to assess the
current vulnerability; this is another important factor in the threat analysis (cf. [17-23])

Vibration monitoring is widely adopted in civil engineering to assess the behaviour
of the structures under ambient noise due to natural excitations or human sources. The
vibration monitoring system is mainly based on contact sensors or remote sensing tech-
nologies [24-28].

Moreover, international standards provide threshold values of the vibrations [29-31]—
expressed as Peak Particle Velocity (PPV) or Peak Particle Component Velocity (PCPV)—as
a function of the dominant frequency range. These values should not be exceeded to avoid
damage to buildings under preservation (cf. Table 1). It is worth pointing out that the
codes generally provide two types of vibration: short-term (or transient) and long-term (or
continuous). The latter ones are generally connected to fatigue damage.

Table 1. Thresholds for vibrations from International Standards.

Frequency Range

Threshold

1-10 Hz
10-50 Hz
50-100 Hz
All
All
All
All
All
8-30 Hz
30-60 Hz
60-150 Hz
8-30 Hz
30-60 Hz
60-150 Hz
8-30 Hz
30-60 Hz
60-150 Hz

PPV/PCPV Values (mm/s) Exposition Component
PCPV * 3 horizontal
PCPV * 3-8 horizontal
PCPV * 8-10 horizontal DIN 4150-3 [29]
PCPV * 8 short-term horizontal UNI 9916 [30]
PCPV * 2.5 horizontal
PCPV * 20 vertical
PCPV * 25 long-term horizontal
PCPV * 10 short-term vertical UNI 9916 [30]
PPV 7.5-15
PPV 10-20 occasional
PPV 15-30
PPV 3-6
PPV 48 frequent module of SN 640312 [31]
PPV 6-12 resultant vector
PPV 1.5-3
PPV 2-4 continuous
PPV 3-6

* At the foundation; * At horizontal plane of highest floor.



Remote Sens. 2022, 14, 5818

30f24

In this context, the city of Rome is an interesting field of study to analyse the effects of
traffic-induced vibrations on cultural heritage, due to the high concentration of archaeo-
logical assets and buildings of high historical value in the urban area. Just think that the
entire historic centre is a UNESCO World Heritage Site [32]. At the same time, historic
centres and neighbourhoods are densely populated, and therefore they are required to be
served by important infrastructures to ensure the mobility of people and wares. Within the
urban area, a peculiar case study is represented by Villa Farnesina (Figure 1): one of the
most important buildings of the Italian Renaissance. Today, the garden of Villa Farnesina is
bordered on one side by Lungara Road and on the other by Lungotevere Road, running
along the Tiber River and being one of the most important arteries within the historic
centre. In the twentieth century, the Villa suffered extensive damage due to the vibrations
generated by traffic on the Lungotevere, so that several restoration interventions of the
frescoes were necessary, as well as road improvements to reduce the impact on the historic
building [33]. Moreover, an experimental investigation with impact tests was carried out
by ENEA over 20 years ago [14] to analyse the anti-vibration effects due to the intervention
on the road pavement. Furthermore, very short recordings of traffic-induced vibrations
were performed by the same authors only on the road and at the base of the building.

év‘ooglef arthy

Figure 1. The location of the Villa Farnesina in the historic centre of Rome and with respect to the
Tiber River, the Colosseum and St. Peter’s Basilica, also indicated as reference elements (picture
modified by Google Earth®).

Given the partnership between the Istituto Nazionale di Geofisica e Vulcanologia
(INGV) and the Accademia dei Linceii that is the owner of Villa Farnesina, within the
Dynamic Planet project [34], a temporary monitoring system inside and outside the Villa
Farnesina was performed with the main objectives: (1) to contribute to the analysis of the
health state of frescoes in the Lodge of Galatea by means of terrestrial laser scanning and
(2) to evaluate the vibrations at the different levels of the building mainly due to the current
traffic flows on the two roads. Preliminary results only regarding the monitoring of the
vibrations were presented by the same authors in an international conference [35].

The proposed method tries to support the evaluation of both fundamental factors,
characterising the threat due to the loads induced by anthropic activities on cultural
heritage, including the level of the vibrations and the vulnerability of the assets themselves.
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2. Materials and Methods
2.1. The Case Study: Villa Farnesina

The Renaissance Villa of the banker Agostino Chigi, one of the richest men in Europe
in the sixteenth century, was later called Villa Farnesina when it became the property
of the Farnese family. The Villa was designed by the Sienese Baldassare Peruzzi and
frescoed by artists of the calibre of Raphael, Sebastiano del Piombo, Sodoma, and Peruzzi
himself, thus representing one of the highest expressions of the Italian Renaissance. It
soon became a model throughout Europe also for its peculiar characteristics as a suburban
Villa, surrounded by gardens rich in exotic plants, acting as a “hortus conclusus” (secret
garden). Due to the Tiber River, which laps it, the Villa has undergone several modifications
over the centuries; the famous Lodges of Cupid and Psyche and of Galatea, located on the
ground floor, have been closed to remove the frescoes from adverse weather conditions
and flooding of the Tiber.

Following the 17 m high flood in Rome on 28 December 1870, a special commission
took charge of the choices of the intervention by approving a project commissioned by
Giuseppe Garibaldi in 1875. Work included the regularisation of the riverbed at 100 m and
the construction of the embankments of the Tiber, called walls, as well as demolishing the
pre-existing buildings on the riverbank and a large part of the gardens to the north of the
Villa Farnesina. These interventions, which began in 1875, ended in 1925 when several
bridges were built that connected the two banks of the river and open roads, with a wide
flow, known as Lungotevere.

The construction of the walls already put a strain on the resilience of the building, so
much so that the Duke of Ripalta, owner of the Villa in the nineteenth century, managed
to replace the pile drivers for the construction of the foundations with compressed air to
prevent the strong vibrations from causing detachment of the frescoed plasters.

Towards 1950, what the Duke of Ripalta had feared materialised: with the increase of
heavy motorised traffic on the stretch of the Lungotevere adjacent to the Villa Farnesina,
an accentuation of damage began to manifest in the shapes of the peppers that decorate
the exterior of the building and in the frescoed plasters that decorate the interior. The
intensity of both surface and underground vibrations was compared to an earthquake of
the 4th-5th degree on the Mercalli scale. In the autumn of 1953, the large lesion in the vault
of the Lodge of Galatea reopened and three corbels of peppers were detached from the
external cornice. The Accademia dei Lincei decided on the restoration and authorised the
Conservator, Eng. Giovanni Massari, to collect, with scientific observations, all the data
necessary to control the phenomenon of damage that had widely occurred in the plaster of
the building.

From 1953 to 1956, by means of oscillographs, three detection campaigns were organ-
ised to reveal the vibrations which reached the Farnesina both at the level of the garden
and at a depth of three metres at the level of the foundations. In 1956, having had all the
results of the investigations available, a commission of specialists was appointed by the
Accademia dei Lincei chaired by Prof. Eng. Gustavo Colonnetti, Associate of the Academy
and former President of the Research Council with the task of studying the defence plan of
the Farnesina.

In June 1959, after three years of work, Eng. Colonnetti handed the final report of the
Commission over to the President of the Academy, prof. Francesco Giordani.

The elementary solutions of an elastic belt inserted between the footpaths and the
plinth and the other of a cavity around the building were discarded since they would not
have had an intercepting effect with respect to the foundation. The presence of an aquifer is
just 90 cm below the basement floor was also discarded, as was the hypothesis of a possible
deepening of the cavity until it was effective.

The studies then focused on the possible modification of the road surface structure
to make it capable of absorbing the accelerations as they arise, even more so when it was
found that this modification could be limited to 50 or 60 metres, at most, in the length
of that stretch of the Lungotevere, which the oscillograms indicated as the most highly
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dangerous area. The goal to be achieved was set in this form: “to create an intercepting
structure at street level that prevents the wave from descending within the embankment of
the Lungotevere, and to avoid any amplification due to waves reflected by the wall on the
Tiber” [36]. This intercepting structure took the form of an oscillating complex consisting
of the mass of a new road surface resting on elastic elements, “a floating plate” which was
intended to reduce the residual amplitude of vibrations to one fifth, a limit which is totally
compatible with the conservation of the frescoes.

The durability of rubber was also discussed during the Commission’s studies. Given
that the pads would have been completely removed by the sun’s ultraviolet rays as well
as from the action of oils and fats, and given the specific qualities of the blend used by
the Pirelli Saga, full confidence in the practically unlimited duration of the chosen device
was confirmed.

For eleven years from 1959 to 1970, the Colonnetti project oscillated from one to the
other of the various administrations involved while the detachment of the frescoed plasters
progressed to such an extent that prof. Pasquale Rotondi, Director of the Central Institute of
Restoration, had to have a large nylon net applied under the vault of the Lodge of Galatea
to collect the pieces of plaster that were beginning to fall.

The works began in August 1970 thanks to the intervention of the Municipality of
Rome and ended in mid-December, in just four months.

The structure reaches a depth of 1.65 m and extends in length along the road axis for
64.52 m with a width of 13.50 m. The carriageway was divided along the axis of the road
into two independent halves, each of which is an oscillating monolithic block weighing
about 400 tons, resting on just over 1000 rubber pads. At the two heads, to avoid the jolt of
the vehicles where the new elastic structure meets the old static ballast, a common bridge
joint 2 metres long was inserted. This was a sturdy reinforced concrete plate connected on
one side with a hinge to the elastic structure oscillating and, on the other hand, matching
the old roadbed through a bitumen cushion [33].

This was the first case in Europe (and beyond) of renovating a road to safeguard a
monument damaged by today’s heavy traffic.

Both for the alluvial nature of the foundation soil and for the construction of the
riverbanks (and for the consequent raising of the aquifer), the building still continues to
undergo, in its various parts, progressive micro-deformations; as a result of this, inevitably,
micro-cracks are produced both on the paintings and in the walls.

2.2. Methodology

Figure 2 shows a scheme of the methodology used for the survey techniques adopted
in this work, with indication of the intermediate products and expected outcomes, which
were both to detect anomalies on the surfaces of the assets, through terrestrial laser scanning,
and to assess the vibration levels, by means of a temporary geophysical monitoring.

2.2.1. Laser Scanning Survey

The laser scanning surveys were executed to produce a 3D digital model of the vault
of the Lodge of Galatea, in order to assess any signs on the frescoes due to the vibrations
of the structure. Indeed, this architectonic element seems to have been the most damaged
because of the vibrations from the traffic on the Lungotevere [33]. Therefore, in this first
survey, particular attention was paid to monitoring this Lodge, which hosts the famous
fresco “Triumph of Galatea” attributed to Raphael on a wall, as well as other frescoes just
as important on the vault.

This survey was performed through a Z+F Imager® 5010c laser scanner (Zoller &
Frohlich, Wangen im Allgdu, Germany), with the measurement method based on phase
comparison (e.g., [37,38]) of a wavelength of 1.5 um. The laser scanner sensor can be used
on close range up to 187 m, acquiring over a million points per second, with measurement
accuracies beneath 1 mm for a distance of a few metres. Moreover, a high dynamic range
(HDR) camera is also mounted on the Z+F Imager® 5010c [39], so that the instrument is
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capable of generating panoramic pictures with 80 Mpixel resolution for colourising the
point clouds. Therefore, the laser scanner allows acquiring geometrical position, intensity,
and colour, at the same time, thus permitting the analysis of both images and geometry in
order to detect any anomalies on the surface [40—42].

Acknowledgement of the current state of the cultural heritage
to support the risk analysis induced by vibrations

Terrestrial Laser Scanning Geophysical monitoring

High-resolution survey by Continuous recordings of
terrestrial laser scanning ambient noise

Time-histories in terms of
velocity or acceleration

Point clouds of the most
exposed elements

Processing of the point clouds (e.g.,
cloud coloring and filtering,
morphological model generation)

Frequency and time domain
analysis of the recordings

Detection of anomalies and crack Analysis of the frequency ranges

pattern by combining the geometric,
reflectance and colorimetric features

related to higher energy, vibration
directions and velocity peaks

Figure 2. Scheme of the techniques adopted with intermediate products and main outcomes.

Six scans were performed with a “super high resolution” of the instrument (20,000 pixel /
360°), within the same day to cover all parts of the vault without hidden zones. The scans
were pre-processed to remove noise by setting distance range (0.4-100m), reflectance range
(0.05-1.00) and the mixed point filter. Afterwards, all the scans were pre-aligned scan-to-scan
with the point pairs, i.e., selecting at least 3 common points in the reference scan and in
the other one free to rotate and translate. A mean registration error of less than 2 mm was
ensured between scan pairs. At the end of this stage, a bundle adjustment algorithm was
applied to all scans to align all the scans together to obtain a complete 3D model with a
mean error of about 1.46mm. The processing of filtering and alignment was performed by
using the JRC 3D Reconstructor software “https:/ /www.gexel.it/it/software/reconstructor”
(accessed on 15 November 2022).

Figure 3 shows the vault through the arrangement of all point clouds. However, the
point clouds were analysed singularly, as seen the results reported in the figures shown
in the next section, in order to both avoid introducing errors due to their alignment and
effects on the images due to the variability of the natural light conditions.

The single point clouds were processed to obtain:

e  The RGB Colour information by combining the high-resolution pictures with the point
cloud by mean of the Z+F LaserControl® [43];

e  The local morphology by calculating, for each point, the normal direction to the plane,
obtained by interpolating all the points within a distance of 2 cm from the reference
one through a script implemented in Cloud Compare [44];

e  The “false” colours, enhanced by combining the “true” ones with the intensity of laser
signal (at higher spatial resolution) using pan-sharpening techniques. This processing
was performed through an algorithm implemented in Cloud Compare based on
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Brovey transformation (cf. [45]), that allows obtaining false R'G’B’ components by
dividing the true RGB components by their sum and then multiplying them by the
scalar intensity, normalised in the range 0-255.

Figure 3. 3D reconstruction of the Lodge of Galatea through the alignment of six point clouds.

2.2.2. Geophysical Monitoring

During the period between October 2020 and March 2021, a temporary seismic network
was installed within the historic building. The main objective was the continuous recording
of ambient noise, in order to assess the level of the vibrations in the different parts of
the structure. Moreover, given that the two roads are the main sources of noise, and the
Lungotevere Road is between the most relevant thoroughfares crossing the historic centre
of the city, two other recording stations were located in the garden on the sides of the Villa
closer to the roads.

Therefore, the network was comprised ten seismic stations: two in the garden at the
ground level on the Lungotevere side (T1184 in Figure 4) and on the opposite one near the
Lungara road (T1186 in Figure 4); two on the basement floor, also here on both sides (T1192
and T1189 in Figure 4); (iii) three on the first floor (T1191, T1181, T1188 in Figure 4); three
on the second floor (T1190, T1182, T1185 in Figure 4).

To analyse how the waves propagate on the different levels of the building, three
stations were placed along the vertical axis that crosses the Lodge: in the basement (T1192),
on the floor (T1191) and above the vault (T1190), in addition to one installed in the garden
on the same side (T1184). The other sensors were placed in correspondence to the Lodge
of Cupid and Psyche and on the opposite side of the Villa, in order to assess how the
vibrations decrease moving away from the main source.

The stations were composed of CENTAUR digitisers [46], each equipped with a
TRILLIUM broadband seismometer [47] and TITAN accelerometer [48]. Time histories
were recorded in the three orthogonal directions oriented along the north-south, east-west,
and up-down directions and the data were sampled at 500 Hz using 24-bit analogic-to-
digital converters. The embedded GPS system at each station assures time synchronism.
A local wireless network was implemented for the data transmission thanks to a set of
antennas, which allowed us to connect the stations to the internet line, made available
by the Accademia dei Lincei. In this way, the recordings by the seismic stations were
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transmitted in real-time to the server located in the Cultural Heritage Laboratory of the
INGYV headquarter of Rende.

\\\»( '{ 2 \ ;
(L a \ /)ﬁ:’-{:‘h %5 (3 S
A .§ 24
- . . . . . & , -
¢\ Seismic monitoring stations | Py .
%% P — w g c e Tiber River
o on the 2nd floor gy SR
on the 1st floor ;i”* S (Oo e
o T 5,
; . S, {
in the garden v 0,.0 &!’
% i
NN Y

Figure 4. Villa Farnesina with respect to the Lungotevere Road and the Tiber River (by Google Earth
©). (a) 3D views; (b,c) Arrangement of the seismic network with stations at the various levels.

To analyse the characteristics of the whole dataset, statistical analyses were performed
in the frequency domain by means of the Power Spectral Density (PSD). The calculation was
performed on floating windows on the recorded signal of duration 3600 s. Therefore, on
each window, a taper (with a 10% cosine taper function) is applied to the signal to attenuate
the effect of spectral leakage, then the Discrete Fourier Transform (DFFT) is calculated,
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The finite-range Fourier transform of a periodic time series y(t) is given by

YT = [ ye i i

where T; is the length of the analysed time series and f is the frequency.
For discrete frequency values, fy, the Fourier components are defined as

_ Y(fk/ Tr)
YT A @
for K
fy = NAL ®3)

where At is the sample interval and N is the number of samples in each time segment, therefore

T;

N=—
At

)

Hence, using the Fourier components as defined, the total PSD estimate is defined as

Py Y, |? 6)

TN

The PSD for each of the analysis windows is obtained through the square modulus
of the amplitude spectrum obtained with the DFFT, multiplied by a shape normalisation
factor [49]. Finally, the instrument sensor response is removed by deconvolution in the
frequency domain.

The monitoring time allows for disposing a large collection of signals from the entire
observation period; therefore, it permits us to calculate PSDs over time, thus obtaining
the Probability Density Function (PDF) by using the PQLX code [49,50]. In fact, the PDF
describes the probability distribution of the spectral ordinates of the PSD as a function of
the frequency, representing a statistic of the vibration levels at each recording site. Figure 5
shows the PDFs from the recordings acquired by the seismic stations in the garden and
in the basement. In addition, the curves relating to the New High Noise Model (NHNM)
and the New Low Noise Model (NLNM) were used as references of the noise values,
representing, respectively, the upper and lower limits of the global noise model proposed
by Peterson [51]. It is worth noting that noise levels assume maximum values in the garden
at frequencies greater than 10 Hz and, especially, on the horizontal components. Instead,
Figures 6 and 7 report the PDFs on the 1st and 2nd floor of the Villa Farnesina, respectively.
The noise levels seem to increase moving from the Lungara side to the Lungotevere side
at high frequencies, especially in correspondence with the 1st floor. Moreover, vibrations
around 2 Hz assume values practically comparable with those at high frequencies, in
correspondence with the 2nd floor.

The statistical analysis of the data does not seem to indicate significant differences
between the vibration regimes, observable in some specific periods of the whole observation
time, but rather between daytime and night-time hours throughout the day, as shown in the
next section. However, a specific analysis, for example, to evaluate the possible lowering
of the vibration level during the lockdown days was not a specific objective of this work,
also because in that period heavy vehicles and cars continued to circulate to guarantee
deliveries and to allow people to stock up on essential goods.
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Figure 5. Probability Density Function (PDF) of Power Spectral Densities (PSD) expressed as dB over
the frequency range 0.1-50 Hz for the recording sites at the basement (red) and in the garden (orange).
The PDFs are reported for the three recording directions: east-west, north-south and vertical.
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Figure 6. Probability Density Function (PDF) of Power Spectral Densities (PSD) expressed in dB over
the frequency range 0.1-50 Hz for the 1st floor of the building. The PDFs are reported for the three

recording directions: east-west, north-south and vertical.
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Figure 7. Probability Density Function (PDF) of Power Spectral Densities (PSD expressed in dB over
the frequency range 0.1-50 Hz for the 2nd floor of the building. The PDFs are reported for the three
recording directions: east-west, north—south and vertical.
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3. Results
3.1. The Signs of the “Past” on the Frescoes

The 3D model of the Lodge of Galatea allows for the detection of crack signs and
alteration in the plaster on the entire vault. By analysing the two frescoes, which feature
Elice (Figure 8) and Perseus and Medusa (Figure 9) and cover a large part of the upper
area of the vault, these signs are difficulty detectable with the naked eye or through non-
professional pictures, as well as by the 3D-coloured model (cf. Figures 8a and 9a). Instead,
cracks and alterations become more evident when the same model is enhanced by means
of composition of the information both on the colours and intensity (cf. Figures 8b and 9b).
Moreover, these findings were also found for the model representing local morphology (cf.
Figures 8c and 9c).

0 0.75 1.50 m |:|’

Figure 8. Fresco of Elice on the vault of the Lodge of Galatea investigated through laser scanning:
image extracted from the point cloud with colour information (a); image with enhanced combining
colours and intensity (b); morphology obtained by the inclination of the normal direction with respect
to a local plane by interpolating the neighbourhood points by 2 cm (c).
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0 0.75 1.50 m

Figure 9. Fresco of Perseus and Medusa on the vault of the Lodge of Galatea investigated through
laser scanning: image extracted from the point cloud with colour information (a); image with
enhanced combining colours and intensity (b); morphology obtained by the inclination of the normal
direction with respect to a local plane by interpolating the neighbourhood points by 2 cm (c).
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The crack pattern can be clearly detected by the laser scanning investigation, although
the same frescoes have undergone several restoration interventions over time, which aimed
to reduce unwanted visual effects and consolidate the paintings themselves.

Longer cracks in the plaster are detectable:

e  On the fresco of Elice, in which from the oxtail it crosses the same decorative space,
also affecting the frames (box II of Figure 8a, with detail in Figure 10(II)).

e  Attheheight of the feet of Fame in the fresco of Perseus and Medusa (box I of Figure 9a,
with detail in Figure 11(I)), which almost entirely crosses the entire vault transversely.

Moreover, some other local cracks can be identified on the frescoes, e.g., those shown
in the box III of Figure 8a, with detail in Figure 10(IIl), and in the box III of Figure 9a, with
detail in Figure 11(III).

In the same way, alterations of the plaster were detectable through the figures, e.g.,
those shown in the box I of Figure 8a, with detail in Figure 10(I), and in the box II of
Figure 9a, with detail in Figure 11(II). It is worth noting that in the first case, there was a
rethinking of the author; in fact, the forearm and the hand holding the reins of the oxen
seem to be more tense, or in any case in a less-soft position (cf. Figure 10(I)).

By visual inspection of the entire vault, the system of the main cracks has been drawn
(Figure 12). The propagation direction of the cracks is mainly along the lower side of the
structural element, with an extension from about 49 cm up to 545 cm almost seamlessly
and a variable width up to several millimetres. The longest crack is the one that crosses the
fresco of Perseus and Medea, already shown also in the previous figure. Moreover, some
cracks can also be detected in an orthogonal direction to the previous one, such as the one
that rests on the fresco of Elice.

0 0.50 1.00 m

Figure 10. Fresco of Elice on the vault of the Lodge of Galatea investigated through laser scanning;:
details in terms of colours enhanced by intensity. The subfigures (I), (IT) and (III) represent details of
the fresco in correspondence of the panels numbered in the same way in Figure 8.
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0 0.50 1.00m

Figure 11. Fresco of Perseus and Medusa on the vault of the Lodge of Galatea investigated through
laser scanning: details in terms of colours enhanced by intensity. The subfigures (I), (II) and (III)
represent details of the fresco in correspondence of the panels numbered in the same way in Figure 9.

Figure 12. Perspective views of the vault with the main cracks (red traces) detected by inspection of
the point clouds.
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3.2. The Current Level of the Vibrations

The traffic-induced vibrations were processed both in frequency and time domains,
both to describe how the energy is distributed with respect to the frequency content and
the to assess maximum values recorded inside and outside the building. The PSDs were
obtained by processing the 24 h recorded signals through 250 s-length time windows
in the range 0.2-50 Hz (with 256 frequency steps in logarithmic scale), then the mean
values and standard deviations were calculated on a typical daily recording during the
monitoring period. It is worth highlighting that this observation period was performed
during lockdowns and re-openings that had been imposed by the Italian government to
tackle the pandemic. Therefore, although the results, which are shown below, were obtained
by processing the recordings on 26th October 2020, in which road traffic was allowed
throughout the whole day, there may be differences with the pre-pandemic conditions.

The power spectral densities (PSDs) as a function of the frequency obtained by record-
ings at the ground level are reported in Figure 13. The environment vibration at the garden
site on the Lungara side, which is in a restricted traffic area for most of the day, shows
only relative PSD peaks at high frequencies (T1186 in Figure 13), both on horizontal and
vertical components. Conversely, relevant peaks were encountered at frequencies greater
than 10 Hz when analysing recordings at the garden site on the Lungotevere side (T1184 in
Figure 13), which are strongly related to the traffic. Thus, the relevant observed variation
of the PSD values at higher frequencies is mainly due to the differences during the 24 h
between the busiest daytime hours and those at night with less intense traffic (cf. Figure 14).
The figure, representing the noise in dB over a time of 72 continuous hours, shows a
persistent road load throughout the day, which only significant decreases from 10 p.m. to

4 a.m.

103 T1186 10° | T1184
N ™
I T
SN S~
o~ o
£, s,
v w
~ ~
5 5
= 10 = 104
2z Z
w v
c s
k2 k2
) o
s s
$ g
& 10° & 10
5] : 5]
2 " 2
) 7l )
a ) a

10°6 " 10°6

0.1 1 10 0.1 1 10
frequency (Hz) frequency (Hz)

—Lasl — Average Neorth — Average Vertical — Average
----- Cast — Average * standard deviaten -----"North — Average £ standard deviaten -----Vertical - Average + standard deviaten

Figure 13. Power spectral densities calculated from the 24 h recordings acquired by the seismic
stations in the garden: both on the Lungara (T1186) and Lungotevere (T1184) side.

It is worth also noting that Figure 13 shows a peak around 2 Hz for the vertical
component in both sites, and in all other recordings inside the building, with comparable
values everywhere. Some authors [14] suggest that this peak is due to the vibration of
the embankment of the Tiber River; however, specific monitoring will be performed to
confirm it.
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Figure 14. Noise levels expressed in dB as a function of frequency during three recording days, which
show the differences between day and night hours at the site in the garden on the Lungotevere side.

Figure 15 shows the ratios between the mean values of the PSDs obtained at the
various locations inside and outside the Villa with respect to those in the basement (T1192),
which was assumed as the reference site. The ratios are reported for both the vertical and
horizontal components, the latter obtained using the geometric mean values of the two
components. The vertical components show, for almost all the monitoring sites inside the
Villa, a ratio close to or lower than one in the frequency range between 10 Hz and 30 Hz,
which is the characteristic frequency range for the traffic load, because the basement on
the Lungotevere side is still affected by the vibrations induced by the road traffic. In fact,
the decreasing of the ratio at high frequencies is more and more evident moving towards
the Lungara side (from red to blue curves in Figure 15a,b). Even so, it is possible to verify
this phenomenon by comparing the vertical components of the two sites in the garden,
while the one on the Lungotevere side shows a ratio that significantly increases with the
frequency from 10 Hz onwards (black curve in Figure 15c); on the other side, there is a
value of the ratio that is close to or lower than one in the range between 10 and 20 Hz,
which then increases for higher frequencies (grey curve in Figure 15c).
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Figure 15. Ratios between the mean values of the PSD calculated at the different recording sites
(inside and outside the Villa Farnesina) and those in the basement on the Lungotevere side used as
a reference. Ratios for vertical components related to the sites: on the 2nd floor (a); on the 1st floor
(b); in the garden (c). Ratios for the mean horizontal components related to the sites: on the 2nd
floor (d); on the 1st floor (e); in the garden (f). By analysing one-day time histories, the dynamic
identification of the Villa was performed with the Frequency Domain Decomposition (FDD) [52,53]
to assess the natural frequencies related to the structural modes (Figure 16a). Figure 16b shows the
normalised first singular values with several peaks below 10 Hz, which can be considered as resonant
frequencies of the ancient building. As already shown in the previous figures and in other works
(e.g., [13,14]), the traffic noise has a clear effect on frequencies greater than about 10 Hz; therefore,
this behaviour hides the resonant peaks at the higher frequencies. Nevertheless, the FDD analysis,
even if the white noise input assumption is not satisfied, allows estimating the first frequencies and
the related damping ratios due to the structural modes (Figure 16b and Table 2).
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Figure 16. Singular value decomposition (SVD) of the power spectral density (PSD) matrix (a) and
normalised 1st singular values (b), with the red circles identifying peaks corresponding to the
structural modes lower than about 10 Hz.

Table 2. Structural modes of the ancient building below about 10 Hz.

Structural Modes 1 2 3
Natural frequency [Hz] 2.016 2.522 4.651
Damping ratio [%] 4.07 4.08 2.78

The horizontal components of the ratio show values significantly greater than one,
highlighted only for the recording sites on the Lungotevere side at the upper levels (red
curves in Figure 15d,e). It is worth noting that the same horizontal components allow
identifying two resonance peaks in the range between 2.0 Hz and 2.7 Hz (Figure 15d),
which are linked to the vibration modes of the building. Similar to what was discussed for
the vertical components, the PSD amplitudes are much greater than those of the basement
on the Lungotevere side above 10 Hz, whereas, at the garden site on the Lungara side, the
ratio is (or is close to) less than one between 10 Hz and 20 Hz, then increases at higher
frequencies (Figure 15f).

Moreover, the particle motions for the inside and outside locations close to the Lun-
gotevere road were obtained from the velocity time-histories, filtered with a rectangu-
lar band-pass filter in the range between 10 and 50 Hz. The motions on the horizontal
east-north plane (Figure 17a) and on the vertical ones (north—vertical in Figure 17b and
east—vertical in Figure 17c) show that the Peak Particle Velocity (PPV) is always lower than
2 mm/s. In fact, the PPV assumes a maximum value of about 1.4 mm/s (and maximum
Peak Particle Velocity—PCPV of 1.1 mm/s) considering all the three components recorded
on the second floor of the Villa; instead, it assumes much smaller values on the lower floors.
It has been noted that choosing different filter shapes to apply to the time history produces
slight differences in the maximum values in the time domain.

The predominant horizontal direction from the recordings within the Villa (between
50 and 55°N clockwise) is almost orthogonal to the stretch of the road axis (about 137°N
clockwise); instead, it is less defined from the recordings outside the Villa, and has with a
predominant direction characterised by smaller angles with respect to the north (Figure 17a).
At the same time, the maximum velocities on the vertical component of the motion in
the range 10-50 Hz appears negligible in the garden; instead, they assume maximum
values almost comparable to the horizontal ones from the recordings inside the building
(Figure 17b,c).
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Figure 17. Particle velocity in mm/s at the recording sites on the Lungotevere side (both inside and
outside the Villa Farnesina) on the east-north horizontal (a), north—vertical (b) and east-vertical
plane (c).

4. Discussion

As for the preliminary survey obtained on the lodge of Galatea in the Villa Farnesina,
the inspection through the laser scanning technique shows open cracks even of several
millimetres. Moreover, often the width of the altered plaster in the surrounding of the cracks
appears more consistent, even with a width for an order of magnitude greater than that of
the fracture. This appears evident on some parts of the frescoes on the vault by comparing
local morphological anomalies, which highlight damage due only to geometric anomalies,
as well as by analysing the reflectance intensities combined with colours, which show a
wider alteration, producing differences in the laser signal up to some centimetres, with
respect to the material conditions around the crack. Moreover, some material alterations
can be also detectable in other portions of the frescoes, where relevant cracks do not appear.
It is worth underlining that some of these material anomalies could also be the result of
restoration works that aimed to repair the damage that had occurred in the past. However, a
further investigation on the historical sources regarding the restoration interventions could
support these considerations in future developments of this research work, and useful
information can be provided by the comparison between the laser scanning acquisitions
shown in the paper and those that will be obtained after the last restoration work carried
out in recent months on the same lodge.

The geophysical monitoring showed vibration levels lower than the threshold values
suggested by international standards to trigger effects on the assets. This, on the one hand,
seems to prove a certain effectiveness of interventions to improve the road infrastructure,
which is the main local source of vibrations for frequencies around (and greater) than 10 Hz.
However, even today the vibrations are still not negligible, and therefore could be capable
of producing negative effects on the frescoed paintings, for which even cracks of a few
millimetres can produce a loss of the aesthetic value, without considering the costs of their
restoration. Moreover, it is worth pointing out that the recordings were acquired at the turn
of the lockdown periods due to the COVID-19 pandemic in Italy, so the vibration levels are
probably underestimated compared to the previous period.

Most major cracks are in the middle part of the vault along its longer side, and their
propagation direction is practically along the transversal direction of the vault, therefore
about 10-15° clockwise with respect to the predominant direction of the particle motion on
the horizontal plane. Moreover, some other relevant cracks also have developed along the
longer side of the vault.
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5. Conclusions

The vibrations induced by traffic loads are one of the most important causes of aesthetic
damages on the cultural heritage assets (buildings and artefacts) and archaeological sites,
especially those located close to or within urban areas. Although national and international
standards establish threshold limits of vibration not to be exceeded to ensure that this
does not affect the cultural heritage assets, often these limits are characterised by different
procedures, range frequencies and threshold values. It is also worth highlighting that
the processing of experimental data can influence the results to be compared with the
thresholds, not only when accelerometers are used in the survey campaign, and therefore
it is necessary to integrate the recordings [13], for example, by optimising the choice of
the filtering method to process time-histories in a specific frequency range. Moreover, the
suggested damage thresholds do not provide safety [54], but they are only indicative, and
these limits do not consider the current health state of the cultural heritage assets.

In this context, the purpose of the paper was to show a combined use of proximal
remote sensing and geophysical monitoring on the real case represented by Villa Farnesina
in Rome, both to retrieve information for a better knowledge of the health state of the
assets and to assess the vibration levels to which they are subject, as both are essential to
assess the risk level. In fact, the building and its Renaissance masterpieces have already
suffered damage because of the environmental vibrations due to human activities that have
been more or less prolonged over time, as reported by testimonies and technical reports in
the past.

Preliminarily, a first investigation carried out by laser scanning on the Lodge of
Galatea allowed the detection of the crack pattern and the plaster deterioration in the
most exposed elements of the building in its part closest to the Lungotevere, which is
represented by the frescoes on the vault. The findings have highlighted important cracks
on the frescoes investigated, although these have been the subject of restorations over
time, which are indicative of a significant vulnerability. The high-resolution point clouds
obtained through laser scanning will make it possible to have a reference for comparative
analyses following periodic future surveys (both using visual inspection or automated
algorithms—e.g., [55-59]), the first of which will be planned in the coming months after
the end of the last restoration activities carried out on the lodge itself.

Geophysical monitoring, on the other hand, highlighted values of vibrations below
the thresholds suggested by national and international codes to produce effects on cultural
heritage. However, the high vulnerability shown in the past, with the effects still detectable
today, and the non-negligible level of environmental vibrations, suggest continuing to keep
the Villa Farnesina under observation, as well as continuing to assess the direct connection
between vibrations induced by traffic (and any other human activities or natural event)
and the onset of negative effects on the frescoes.

With this purpose, the National Institute of Geophysics and Volcanology and the Ac-
cademia dei Linceii are studying solutions to start a permanent and continuous monitoring
system in the near future to verify any variations in the vibrational regime in near real time,
thus allowing the planning of any necessary interventions. In addition, in these future
developments, the implementation also of periodic monitoring based on non-destructive
techniques (e.g., terrestrial radar interferometry, ultrasonic tests, image-based approaches)
will also be evaluated, in order to study the vibration modes of single elements of interest,
structural and non-structural, in the historic building, as well as evaluate the onset of further
aesthetic damage on the assets. Furthermore, a long-term monitoring of vibrations and the
state of the surfaces of the asset, with the techniques presented as well as with the addition
of other new ones, could allow us to link the vibration levels to the detectable effects.
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