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Abstract

The study focuses on the results of the analysis of data recorded during Ambient Vibration
Tests (AVT) conducted on a portion of the Medieval Walls of Verona (Northern Italy). Seis-
mometric stations were installed both at the top and at the base of the walls, recording the
free vibrations of the structure. Spectral analyses provide information about the principal
modal frequencies, which are compared with the results obtained through Operational
Modal Analysis (OMA) techniques. Numerical models were developed to describe the elas-
tic behavior of the walls and to support the interpretation of the experimentally identified
modes. Seismic noise measurements were also performed on the ground to characterize the
spectral response of the soil and to estimate the soil-structure interaction. The combined
use of AVT data, OMA procedures, and numerical modeling allowed for a robust identifica-
tion of the fundamental dynamic properties of the walls, highlighting the predominance of
out-of-plane modes and the limited dynamic coupling with the underlying soil. The study
demonstrates the effectiveness of this non-invasive approach for improving the knowledge
of structural assessment, reducing uncertainties in mechanical parameter calibration, and
supporting informed conservation, maintenance, and risk-mitigation strategies for historic
defensive masonry structures.

Keywords: seismic monitoring; medieval city walls; AVT; OMA; soil-structure interaction

1. Introduction

The preservation of historic masonry buildings represents a central topic within the
field of Structural Engineering. Among linear historical structures, urban defensive walls
are a widespread architectural typology in historic centers and form an important part of
the cultural heritage. However, probably due to their robust and reassuring appearance and
the perception that they have successfully passed the so-called “test of history,” insufficient
attention is often given to their structural safety [1]. The frequent collapses of sectors of
the historic city walls (e.g., Pistoia, Italy, in 2011 and 2020, [2]; Volterra, Italy, 2014 and
2024; San Gimignano, Italy, in 2018) highlight that without planned maintenance these
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structures can become vulnerable elements [3], and their sudden collapse may pose hazards
to infrastructure and civil security.

Although historical defensive walls are conceptually simple—consisting of a thick
wall extending in length—they often present features that complicate their structural
behavior. These include variations in cross-section, heterogeneous construction materials
and techniques (both in thickness and extension), differences in ground levels on either
side, and foundations resting on inclined terrain with variable geotechnical properties. The
introduction of reinforcing elements, such as barbicans, or discontinuity elements such
as towers or city gates, further interrupts structural continuity and influences the overall
response of the wall.

Defensive walls are exposed to multiple vulnerabilities, arising from both environmen-
tal and anthropogenic sources. In urban areas, they may experience long-term degradation
due to vehicular traffic. Additionally, climate-change-induced phenomena and natural
hazards—such as foundation settlement caused by moisture accumulation from heavy rain-
fall, flooding, or inadequate drainage—can compromise structural stability. Seismic actions
represent a critical factor for the local collapse of structural portions or for free-vibrating
non-structural elements, such as merlons [4]. Assessing seismic vulnerability requires un-
derstanding both the seismic exposure (site and source effects) and the dynamic response of
the structure, which depends on geometry, mechanical properties, and preservation state.

In this context, Ambient Vibration Test (AVT) provides a non-invasive diagnostic
tool for assessing the dynamic behavior of historical structures [5]. When combined
with Operational Modal Analysis (OMA) procedures [6], AVT allows the identification
of dynamic properties, such as natural frequencies, mode shapes, and damping ratios.
These data, integrated with finite element (FE) models, support the calibration of numerical
simulations and the execution of seismic vulnerability assessments.

In the literature, AVT and OMA techniques have been applied to various architec-
tural typologies, including religious buildings such as churches and cathedrals [7-10],
slender structures such as towers and bell towers [11-19], building aggregates [20], infras-
tructural structures such as bridges and aqueducts [21,22], and palaces and monumental
buildings [23-25].

Despite these applications, the systematic use of AVT and OMA on historic urban
defensive walls remains very limited; a small number of publications can be found in the
literature, leaving a significant gap in the state of the art.

Unlike isolated buildings or slender structures, extended defensive walls are linear,
heterogeneous, and historically stratified, presenting unique challenges in monitoring
and numerical modeling. This paper aims to further contribute to the recognition of
the importance of promoting experimental studies on urban walls, in order to develop a
knowledge practice that would be preparatory to prevention.

Comprehensive studies of defensive walls should generally adopt an integrated ap-
proach [26,27], combining historical research with non-destructive testing and geotechnical
investigations to reconstruct construction history, identify past alterations, and characterize
materials and foundation soils. These datasets are essential for performing advanced nu-
merical analyses [28], including kinematic analyses according to reference standards [29,30]
and FEM simulations capable of reproducing complex phenomena, such as differential
settlements and moisture-induced soil weakening under seismic loads [31].

Integrating AVT results with numerical modeling on extended defensive wall systems
enables a more accurate characterization of structural dynamic behavior, improves model
calibration, reduces uncertainties in mechanical parameter definition, and allows long-
term monitoring of dynamic changes due to environmental actions, climate effects, or
localized damage.
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This study applies seismic monitoring techniques to a portion of the defensive Walls of
Verona, Italy, specifically the Magistral Walls located in the hilly area between the breach of
Castel S. Pietro and the fort of S. Felice. Constructed during the Scaliger period (1200-1300)
and subsequently modified in the Habsburg period (first half of the 1800s), this segment rep-
resents a complex case study characterized by diverse masonry textures, geometric variabil-
ity, and substantial ground remodeling associated with twentieth-century interventions.

The wall portion forms part of a broader project aimed at establishing guidelines for
the documentation, conservation, and maintenance of the Magistral Walls of Verona [32],
with further details available in [33-38].

More specifically, the objective of the present study is the experimental dynamic
identification of a portion of historic defensive walls through Ambient Vibration Tests,
articulated into three main research objectives. First, the study aims at the identification
of the fundamental modal parameters of continuous masonry curtain walls. Second, it
investigates the possible spatial migration of modal frequencies along the walls. Third,
the experimental results are preliminarily and qualitatively validated through comparison
with a simplified numerical model.

The paper is organized as follows. Section 2 describes the case study and the survey
campaign on the Walls and the surrounding terrain; Section 3 presents the results of
frequency-domain analyses conducted on both the walls and the soil; Section 4 discusses
the OMA results and the comparison with a simplified numerical model; and Section 5
summarizes the conclusions.

2. The Case Study
2.1. Historical and Architectural Framework

The portion of the walls under consideration belongs to the Magistral Walls and is
located in the hilly area between the breach of Castel S. Pietro and the fort of S. Felice.
Here, the curtain wall corresponds to the Scaliger model of a medieval layout with a facing
interspersed with towers and topped with merlons.

Constructed during the Scaliger period (1200-1300) and subsequently modified in
the Habsburg period (first half of the 1800s), this segment corresponds to a section of the
‘Cammino di Cangrande’. Despite its modest extension of approximately 300 m, it provides
arich and functional case history of masonry texture for experimentation. Scaliger masonry,
characterized by its alternation of cobblestone recurrences and brick inserts, is interspersed
with portions that feature polygonal masonry from the Austrian period. However, the most
substantial alterations to this complex are undoubtedly attributable to the infrastructural
transformations and restoration work undertaken between 1938 and 1950, which resulted
in the comprehensive remodeling of the entire section of the ground.

The section of the walls investigated was the subject of a project that sought to define
guidelines and standardized intervention protocols for implementing specific monitoring,
conservation, and maintenance actions of the defensive walls [32].

Detailed information about the historical evolution of the Verona Defensive Walls can
be found in [33-38].

The total length of the monitored part of the walls is about 140 m, which was divided
into two sections. The first one is about 55 m, and the second one, inclined with respect
to the first, is about 85 m long; the two distributions overlap for approximately 25 m in
the central part of the section of the walls. Due to the impenetrability of the vegetation, it
was not possible to extend the first section up to the bastion of Porta San Felice. The walls
follow a slope with an average inclination of about 8/9 degrees. Two masonry bastions are
located at both ends of the studied portion, which visually appear to be firmly connected
to the walls. The heights of the walls vary according to the ground level, and part of them
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act as a retaining wall on the internal side. The difference between the two levels can reach,
in some points, up to about 10 m.

2.2. Experimental Activities on the Walls and on the Soil

The free vibration campaign involved the use of equipment from SARA Electronic
Instruments, which includes nine three-axis seismometers with eigenfrequencies of 2.0 and
4.5 Hz, coupled to 24-bit Digital Acquisition Systems (DAS). Using a forklift, the sensors
were positioned on top of the Walls and connected to the DAS on the ground via a cable
(Figure 1). Each device was synchronized through a GPS connection.

Figure 1. Example of a sensor installed on the top of the walls.

The measurements on the two sections of the Walls were carried out on two different
days, more or less at the same time, for approximately three hours.

To characterize the elastic properties of the ground, seismic noise measurements were
performed on the surrounding terrain on the third day. Figure 2a shows the location of the
measurement points on the Walls; Figure 2b shows the distribution of the measurement
points on the terrain.

During the first day, the sector between the SW bastion and the point where the Walls
bend towards NE was monitored (first sector in Figure 2a), and the following section was
monitored on the second day. At the beginning and end of each sector, two seismic stations
(in yellow in Figure 2) were installed at the base of the Walls, to be used as a reference on
the ground.

The sensor spacing on the Walls was optimized to not exceed 15 m, with the aim of
obtaining a good spatial resolution for defining the modal shapes of the structure. The
three-axis velocimeters were oriented so that at each point the X-axis corresponded to the
longitudinal direction of the Walls (in-plane) and the Y-axis to the transverse direction
(out-of-plane), in the direction of the public park (Figure 1). The data, sampled at 100 sps,
were recorded for three hours during each experiment. Before proceeding with the analysis,
the data were corrected for the instrumental curve.
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Figure 2. (a) Measurement points on the Walls during the two days (black circles); for each point,
the corresponding cross-section of the Walls is shown. At the top is shown the first sector monitored
during the first day; at the bottom, the second sector. In yellow the seismic stations installed at the
base of the Walls during the first and second experiments. (b) Map of the seismic stations installed on
the ground on the third day of measurements (in magenta); in yellow, those installed at the base of
the Walls during the first and second experiments.

3. Frequency Domain Analysis
3.1. Spectral Behavior of the Walls

For each measuring point, the average spectra were estimated as the geometric mean
of the FFTs computed for each component of motion over all the two-minute segments
(120 s) contained in the total recording. As can be seen from the example in Figure 3, the
spectral amplitude associated with the out-of-plane direction (Y) at each measuring point
is dominant compared to the other components, with the spectral peaks amplitude ranging
from 5 to 20 times greater than those along the in-plane direction (X). Therefore, the analysis
was limited to the out-of-plane component (Y).

Figure 4 shows the average FFTs for each measuring point along the first and second
sectors of the Walls. The two monitored sectors seem to show, both in spectral amplitude
and frequency, a different behavior.
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Figure 3. Comparison between the average spectra estimated from the recordings in the first and
second experiments. Black, blue, and red curves correspond respectively to X, Y, and Z components.
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Figure 4. Distribution of the average spectra along the out-of-plane (Y) direction for each monitored
point on the first and second sectors of the Walls.

In the first segment, all the monitored points exhibit almost the same spectral behavior.
It has to be noticed that in the central part of the profile (stations 0945 and 5497), spectral
amplitudes are lower by at least a factor of 3 compared to those of the other points of the
sector. This could be due to the possible presence of a node in this area for the modal shape
corresponding to the principal frequency of the segment. Despite this aspect, in this first
section, the FFTs show spectral peaks centered practically on the same frequency, around
2.92 Hz. Only in the last two points of the alignment (0943-0944), positioned beyond the
fold of the Walls, a slight reduction in the peak frequency of the spectrum is recorded,
which is centered around 2.88 Hz.

The situation is quite different in the sector monitored during the second day (Figure 2a,
bottom). A spatial variation in the frequency associated with the first spectral mode is
evident, gradually increasing from 2.8 Hz to 4 Hz. Probably due to the changing orientation
corner at the beginning of the alignment and to the presence of the bastion at the end,
the central part of the sector exhibits more stability than the extremes, showing spectral
amplitudes that are significantly less than of those at its end. In Figure 4, the first two
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FFTs from the bottom correspond to the measurement points that during the second test
occupied the same positions as the first, so as to guarantee continuity of the recordings.

In order to better highlight the gradual variation in the modal frequency along the
stations of the second sector, in Figure 5, an enlarged detail of Figure 4 over the frequency
range 1.5-5.5 Hz is shown. Looking at Figure 5, it seems plausible to hypothesize that as
one approaches the most rigid part of the structure represented by the bastion at the end of
the section, each of the monitored portions in the second segment is sensitive to the effect
produced by higher-order harmonics.
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Figure 5. Linear spectral profile along the NE-oriented sector, monitored during the second day of
measurements. The red arrows correspond to the peaks that could be considered representative of
the main mode of each segment considered.

Moreover, the migration towards high frequencies of the main mode estimated for
each measurement point along the second segment could be related to the effect produced
by the tower placed at the end of the segment, which should constitute an element that, by
stiffening the structure, tends to lock the out-of-plane motion of the Walls.

Comparing the spectra calculated on the fixed-point recordings shows how accurately
and over which frequency band they can be considered points of continuity.

Figure 6 shows the stability of the estimated spectra at the two fixed measurement
points during the two experiments. Despite some moderate low-frequency variations
(<1.0 Hz), particularly evident on the vertical component, it can be observed that the signals
from the stations that monitored the same points at different times, show substantially
overlapping trends over a frequency band that, after applying the instrumental correction,
covers almost the entire engineering bandwidth of interest, at least from 0.3 Hz up to 20 Hz,
which in the case of the horizontal components can be extended down to 0.1 Hz. For this
reason, these records were used as alignment points to connect measurements collected at
different times on the two sectors of the Walls in the OMA procedures.
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Figure 6. Comparison between the average spectra recorded by the seismic stations located at the
same point during the two experiments.

In order to complete the spectral analysis, an estimate of the empirical transfer function
of the Walls was obtained using the Standard Spectral Ratio (SSR) technique. The SSR
technique consists of computing the spectral ratio between the seismic station on the Walls
and a synchronized reference station installed on the ground, for each motion component.
Taking advantage of the presence of the two stations installed on the ground in each
segment (in yellow in Figure 2a,b), the SSRs were estimated between the wall-mounted
seismic stations and the closest ground station for each measurement point.

Figure 7 illustrates the SSRs calculated for each monitoring point along the out-of-
plane direction. These spectral ratios closely align with findings from the spectral analysis.
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Figure 7. Estimation of the empirical transfer function (SSR) along the out-of-plane direction (Y) for
the two monitored sections of the walls; the left panel is the first section, and the right one is relative
to the second section.

In the first section of the Walls, a predominant modal frequency around 2.88 Hz is
observed, with slight variations along the section. Variations in the amplification factor
around this primary modal frequency indicate a central segment less prone to amplifying
ground signals, while the initial and final segments show amplification that can reach a
factor of about 70. In the second section, the spatial migration of each section’s character-
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istic frequency is confirmed, with noticeably lower amplification factors compared to the
preceding section.

The first two curves from the bottom in the panel relative to the second section corre-
spond to recordings taken at the same points on the first experiment. The amplification
values estimated in the SSR at these points over the two recording days are comparable,
suggesting that results obtained on different days at different points can be reliably com-
pared and that it is unlikely that the differences in responses between the two sections
could result from different solicitations. In order to confirm this observation, it is possible
to compare the temporal trends and the spectra of the recordings taken on different days at
the same measurement point at the base of the walls (Figure 6).

The empirical transfer functions in Figure 7 show very similar trends to the spectral
distribution (Figure 4). To understand the relationship between the Wall and the surround-
ing terrain, the average spectra calculated on synchronized recordings from seismic stations
installed at the top and on the ground were compared (Figure 8).
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Figure 8. Comparison between the average spectra computed on the data recorded by the stations at
the top of the Walls (black curves) and the corresponding recordings performed on the ground (blue
curves) during the two experiments.

As can be observed, the ground-averaged spectra show no spectral contribution due
to oscillation of the Walls in the frequency band where their modes appear to dominate
the spectrum. This is true not only for the out-of-plane component (Y), but also for the
other components, despite the former showing an amplitude almost five times greater than
the others.
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3.2. Spectral Characterization of the Soil

Simultaneously with the measurements on the Walls, seismic ambient noise was
recorded on the ground. The position of the seismic station installed at the base of the Walls
is depicted in yellow in Figure 2a,b.

After the experiment on the Walls, a third experiment was performed on the ground
(Figure 2b): six 2.0 Hz seismometers were installed along a linear profile parallel to the
Walls, along the path that runs alongside them at a distance of approximately four meters,
oriented in the same direction as the stations installed on the Walls.

In order to estimate the stability of the signal recorded at three different times, the
measurements taken in this third experiment were compared with those taken on the
ground during the monitoring of the Walls. Figure 9 is the comparison between the
average spectra computed from the recordings of the linear transect (black curves) and the
measurements at the ground on the first and second experiments, blue and red, respectively.

exp_1 Y Z
exp_2
exp_3

o
Y P\ ,

X

Spectral amplitude (um/s/Hz)

§789 2 S 6189 2 3 456189

10’ 10 10° o' 10° '

Frequency (Hz)

Figure 9. Comparison between the average spectra obtained from the recording of one of the stations
installed on soil in the third experiment (black) and one of the seismic stations installed at the base of
the Walls during the first (blue) and second (red) experiments.

From Figure 9, it is evident that the spectral trends are coherent, at least up to about
10 Hz at all points, regardless of the position and time of monitoring, confirming a clear
homogeneity of the terrain surrounding the Walls.

In order to characterize the spectral behavior of the soil, according to Nakamura [39],
spectral ratios (HVSR) between the horizontal and vertical components were calculated
from the recorded waveforms to estimate the resonance frequency of the site (Figure 10).

T T T
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r s4715 ]
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Figure 10. Spectral ratios HVSR computed for each seismic recording along the linear profile on

the soil, respectively; on the left are the ratios of the component X, on the right are those of the
component Y.

The choice to show the ratio of the single X/V and Y/V components instead of the
geometric mean between them, HV, following the guidelines of the SESAME Project [40],
arises from the intent to highlight that the two horizontal directions produce the same
ratio, demonstrating that there is no directionality in the ground and, despite the great
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prevalence of the out-of-plane motion of the Walls, this does not influence the spectral
behavior of the surrounding soil.

The excellent consistency of the spectral ratios for all seismic stations and on both
components of the motion led to the hypothesis that the ground along the monitored part
of the Walls has a strong homogeneity. In both directions, there are two large spectral
peaks. The first is centered on a frequency of about 1 Hz and has a spectral amplitude of
about 1 Hz; the second, higher than the previous one, is centered around 5.5 Hz with a
spectral extension over about 6 Hz. Following the requirements of the SESAME project
guidelines [41], taking into account the amplitude of both the spectral peaks does not exceed
a factor 3 and the large spectral band of the peaks, it is possible to say that no marked
effects of surface amplification due to sharp changes in the contrast of acoustic impedance
between the surface layer and the geologic bedrock could be hypothesized, suggesting that
area surrounding the Walls seems not to exhibit clear effect of surface amplification.

In this view, according to the maps attached to the Level 1 Seismic Microzonation
report published in April 2017 [41] and available on the website of the municipality of
Verona, the monitored sector can be placed within a homogeneous area corresponding to
the geologic substrate class described as “soft rocks with a predominant cohesion and the
composition of limestone”. Despite the fact that none of the microtremor measurements
executed during the microzonation appear to have been carried out in the vicinity of the
monitored area, the frequency peaks obtained from the HV analysis are, however, consistent
with the microzonation results.

4. Operational Modal Analysis and Numerical Modeling

The modal analysis on the recordings was conducted by using the commercial Artemis
Modal Pro Software. The first of the two setups on which the analysis was performed
concerns the portion of the walls located in the first section and in a part of the second
(Figure 2a); the second one refers to the second sector of the Walls (Figure 2a). For each
point, a one-hour recording was considered. Figure 11a shows the simplified geometry
of the model used for the OMA, developed in the Artemis environment; the points of
alignment between the two setups are depicted in blue (points 4 and 27).

& : a b

Figure 11. (a) Reference geometry of the complete model of the two setups; note that the points 5, 13,
and all the lower ones are elements fixed for purely representative purposes; (b) the numerical model.

The following analysis was performed considering the two sectors together in order
to obtain a complete overview of the average spectrum for the entire monitored portion
of the walls. The vertical component was excluded from the analysis. Figure 12 shows
the average spectrum computed through the Frequency Domain Decomposition (FDD)
method. In the average spectrum of Figure 12, the peak at 2.88 Hz stands out, to which the
modal shape corresponds; a frequency very close to that experimentally estimated for the
first section of the walls.
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Figure 12. Average spectrum (FDD, in blue). The green dotted vertical line identifies the peak

corresponding to the fundamental frequency, estimated at 2.88 Hz. The modal shape corresponding
to the 2.88 Hz, the first modal frequency, is shown in the insert.

The variations in the dynamic characteristics of the structure in its main parts mutually
affect the modal shapes of the higher modes, making it difficult to interpret the results in
the high-frequency range, in which the spectral peaks are not as clear as those associated
with the first mode.

For this reason, an additional analysis was conducted, taking into account only the last
monitoring point of the first section of the Walls and all the points of the second segment.
Figure 13 shows the results for this additional model.

@y Singuar Vi of Spachal Denslios of Al Tost Sebgn

R

2.881 Hz

\ 4 i | WA Rencron et e 00
~\3.28| Hz| 3.496 Hz

) {8 \ 2 387THz | 428712
W g :

\A WY

“ 5 - = — - 3
Troqumncy Dt

Figure 13. Average spectrum for the model of the second sector of the Walls; the average spectrum

(FDD), highlighted in green, is the 2.88 Hz main frequency. The spectral domain ranges from 2 to
6 Hz. The insert corresponds to the mode shape associated with the main frequency.

Also in this case, the 2.88 Hz mode clearly emerges, relating to the initial segment
of the second sector, characterized by an out-of-plane motion and corresponding to the
highest area of the Walls, as can be recognized from the associated modal shape.

Considering the complexity of the case study, the main goal of the analysis was to
estimate at least the frequency and the modal shape for the fundamental mode. As can be
deduced from Figures 12 and 13, it is not possible to clearly identify the higher modes of the
structure. A useful approach in this context could be to use a numerical model capable of
providing at least a qualitative view of the deformation associated with the higher modes
of the Walls.
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The proposed numerical model (Figure 11b), developed with the commercial FEM
software Abaqus [42], is characterized by shell elements with a constant thickness of one
meter of homogeneous and continuous material (Elastic modulus = 4500 MPa, specific
weight = 1800 kg/m?, Poisson coefficient = 0.28), fixed at the base. Although the elastic
modulus, chosen to fit the frequency of the first mode, seems high, it is common in the
literature that the values used in real cases can result in higher values than those described
in the international standards.

The numerical model was defined over the entire extension of the walls portion
subjected to monitoring, but, in order to facilitate a direct comparison with the OMA
results, constraints were imposed on the translations and rotations in every direction for
the nodes of the first section of the walls (not studied), focusing on the results of the modal
analysis obtained for the second sector of the walls.

Figure 14 shows the first five numerical modes of the structure, highlighting a flexional
sinusoidal out-of-plane shape in ascending order (mode 1, simple bending; mode 2, double
bending; mode 3, triple bending, etc.). These are compared with experimental mode shapes
obtained experimentally through the OMA method.
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Figure 14. The first five numerical and experimental modal shapes were obtained numerically and
through the Operational Modal Analysis method.

The frequency range of the first five numerical modes extends from about 2.8 to 5 Hz,
in good agreement with that previously obtained from OMA and with the experimental
estimates (Figure 5). It is interesting to notice that, despite the simplicity of the model, the
numerical mode shapes exhibit quite good agreement with those estimated by OMA.

5. Discussion and Conclusions

This study represents one of the first contributions to the dynamic identification of
a historical wall segment based on in situ monitoring and Operational Modal Analysis.
The object of the paper is aimed at characterizing the dynamic response of the investigated
wall portions and to provide preliminary, experimentally based information to support
subsequent structural analyses. In particular, the results could constitute a basis for the
identification of the main collapse mechanisms associated with the identified modal shapes
and for the calibration and constraint of a global finite element model, to be adopted in
future structural assessment and vulnerability evaluations.

The results of the analyses allow us to make some considerations about the dynamic
behavior of the monitored segments:

o  The measurements show that the predominant oscillation is transversely oriented to
the Walls’ axis (Y, out-of-plane direction). The Walls exhibit a significant response only
within the frequency range from 2 Hz to 10 Hz. Within this range, similar spectral
patterns are observed across all three motion directions, with out-of-plane motion
remaining predominant.
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e  The results from spectral analysis would report that the two sectors of the Walls show
different behavior. In the spectral range of 2.0-10.0 Hz, which includes the primary
modal frequencies, distinct behavioral modes are discernible in the two monitored
sections. In the section monitored during the initial experiment, from the beginning of
the measurements to the point where the axis of the Walls bends by about 15°, there
is substantial spectral uniformity across different measurement points, identifying
a common primary modal frequency around 2.88 Hz in all recordings and motion
directions, although the spectral amplitude is reduced in the central part. In the second
section, the spectral characteristics of out-of-plane motion are identifiable in the other
motion components. The modal frequency estimated in each measuring point changes
in a range from 2.8 Hz to 4 Hz, from the points corresponding to the first day of
measurements towards the end of the deployment. The variation in the frequency
could be linked to the variation in the height of the Walls. The cross sections show
that, while in the first section the height of the Walls does not change significantly, in
the second sector it exhibits greater variability, gradually decreasing from 8 m to less
than 6 m.

e  The results of applying the OMA technique allowed us to identify the main modal
frequency in the transverse direction. In particular, the use of OMA proved particularly
effective in capturing the gradual variation of modal frequencies associated with the
recognition of higher-order modal frequencies, when applied to small portions with
similar physical, mechanical, and geometric characteristics.

e  The elastic parameters used to create a numerical model fitting the experimental modal
frequencies are higher than those required by the regulations. This applies in particular
to the elastic modulus.

e  The microtremor measurements show that the ground has a homogeneous behavior
along the whole measuring area. The amplitude of the HV spectral ratio peaks shall
not exceed the value 3, indicating that there is no strong impedance contrast between
the surface layers and the rigid substrate.

e  Comparison with simultaneous ground-level measurements shows significant corre-
spondence at both low (0.5-2.0 Hz) and high frequencies (10-20 Hz). However, in the
frequency band 2.0-10.0 Hz, the spectra of ground-level stations appear to indicate an
almost complete decoupling between the walls and the ground.

e In the 2.0-20.0 Hz band, spectral lines are present on all measurement components
on the Walls and on the ground, likely originating from oscillation sources within the
study area.
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