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ABSTRACT

This study presents a comprehensive long-term structural health
monitoring (SHM) approach for the Garisenda Tower in Bologna, Italy,
combining multiple non-destructive techniques. Over a six-year
period, data from Acoustic Emission (AE), Fiber Optic Sensors (FOS),
and a pendullum system were integrated to assess the tower’s micro-
and macro-scale damage mechanisms, as well as global movements.
Advanced statistical analyses—-such as b-value, Hurst exponent,
Natural Time, and Critical Fluctuation methods-were applied to AE
time series, revealing damage evolution and shifts in structural
behaviour around 2023. Results suggest that thermally 1induced
stresses primarily drive damage progression initially, with
microcracking strongly correlated to seasonal temperature
variations. Post-2023, a transition toward autonomous damage
processes was oObserved, 1iIndicating 1increased instability. The
combined data confirm ongoing internal deterioration, emphasizing
the importance of multi-technique, long-term monitoring for heritage
preservation. Findings support proactive interventions to safeguard

this iconic medieval structure against progressive instability.

KEYWORDS: Structural Health Monitoring, Acoustic Emission, Fiber
Optic Sensors, Long-term Monitoring, Heritage Structures, Structural
Damage, AE Time Series Analysis

1. INTRODUCTION



The Structural Health Monitoring (SHM) of historical towers requires
balancing preservation with public safety, especially for tilted
structures prone to progressive damage. While traditional methods
focus on geometric displacements, emerging non-destructive
techniques such as Acoustic Emission (AE) and Fiber Optic Sensors
(FOS) offer valuable insights into micro-scale and global damage
mechanisms.

This work i1s focused on the Garisenda Tower in Bologna, Iltaly.
The tower, which represents one of the city’s symbols and its
valuable medieval heritage, was built in the early 12th century by
the Garisendi fTamily alongside the Asinelli Tower. Although the
initial intentions of the builders were to reach a greater height,
the Garisenda began to tilt in 1351 due to foundation Tfailure,
leading to a 13-meter reduction from i1ts original 61 meters for
safety reasons. Its stability has attracted scientific interest over
time [1-6]. Currently, the towers are owned and maintained by the
Municipality of Bologna.

Previous research on the tower has employed a comprehensive,
multidisciplinary approach to assess its structural health and
stability, integrating non-destructive testing, numerical modeling,
and environmental monitoring techniques [1,2,7,8]. The tower’s
distinctive tilt and historical damage have prompted extensive
monitoring using AE, FOS, seismometers, and laser surveys, which

together provide iInsights into its ongoing structural evolution.



Overall, these integrated experimental and modelling efforts
suggest that thermally 1induced stresses are iImportant Tfactors
influencing damage progression in the Garisenda Tower, and that the
ongoing application of advanced monitoring techniques—analysed with
appropriate statistical methods—is essential for devising effective
preservation strategies and ensuring long-term stability [7-9].

This work continues with the aim of Integrating multi-technique
data over long-term periods, which are particularly suitable for
heterogeneous medieval masonry subjected to combined thermal and

seismic loads.

are scarce:. It should be clarified that the analyses presented in

this paper are based on a selected subset of the data available
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within the overall monitoring system, which comprises a broader and
more complex dataset supporting predictive modelling activities that

must be approached with the utmost caution.

2. OVERVIEW OF THE GARISENDA TOWER

The Torre della Garisenda, Figure 1, built in the early 12th century
(between 1109 and 1119), belongs to the original group of
approximately 90 medieval towers in Bologna, which served military
and symbolic functions and were often associated with the prestige
of noble Tfamilies or political factions [7,8,10]. Currently,
approximately twenty of these structures vremain, notably the
Asinelli and Garisenda towers, located at the entrance to the ancient

Via Emilia, in the heart of the historic center [10].



Figure 1. The Garisenda (left) and Asinelli (right) Towers in

Bologna.

With a square base measuring approximately 7 meters per side,
the tower was initially built 61 meters high, but was reduced by 13
meters iIn the 14th century due to a dangerous inclination detected
at that time [3,7,8,10]. 1ts current inclination is approximately
4°, with a 3.22 m displacement at the top toward the southeast [10],
making 1t one of the steepest tilting towers iIn Europe, comparable
to—and even superior to-the tilting Tower of Pisa in angular
inclination [11].

The structure is made of a ''sacco'™ masonry, quite common in the
construction of historic buildings and defensive structures of the

period. This technique consists of two facings (a thicker inner and
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a thinner outer) filled with stone and mortar [3,7,8]. Geophysical
studies conducted between 1990 and 2000 by architect Francisco
Giordano [10] revealed, through georadar analysis, that the Tfirst
80 cm of the base have superior characteristics to the rest of the
masonry and that the foundation widens by approximately 1 m at a
depth of approximately 2 m [8].

Throughout  history, the tower has undergone several
transformations. Notable among these were the construction of wooden

annexes in the 14th and 15th centuries, such as the *corridor,"”™ which
connected the Garisenda to the Asinelli Tower at a height of
approximately 30 m—a military structure built by order of Giovanni
da Oleggio between 1355 and 1360. Subsequently, several buildings
rested on the base of the tower (such as the chapel of the Madonna
delle Grazie), all of which were removed by 1890, restoring its
appearance free of annexes [10].

Given 1its historical iImportance and delicate structural
condition, the tower has been under monitoring for decades. Beginning
in 2019, the City of Bologna—through its Department of Public Works—
intensified this monitoring with the implementation of a continuous
monitoring system, initially focused on measuring vertical
deformations in the selenite base and thermal variables [7]. This
system was progressively expanded with the integration of other
advanced technologies, including acoustic emission sensors, optical

strings, and a high-precision pendullum, which will be analyzed

throughout this paper.



In October 2023, an 1iIncrease in structural movement was
identified, especially at the southwest base of the tower, leading
the technical-scientific committee to recommend closing off the
immediate area, blocking traffic and pedestrian access. A security
perimeter was set up with containers and netting [12].

In May 2025, the City Council announced the start of the
structural restoration plan, with completion scheduled for 2028. The
project iInvolves techniques inspired by the stabilization of the
Leaning Tower of Pisa, including the use of salvaged metal trusses,
polyester retaining belts, and 1injections of special mortar

underground to consolidate the foundations [13].

3. MONITORING TECHNIQUES

In order to evaluate the stability of the Garisenda Tower and to
understand the progression of its structural response over time, a
multi-technique monitoring approach was implemented. The following
sections describe the systems employed: acoustic emission sensors,
which are responsible for detecting micro events associated with the
formation and propagation of internal damage; optical strings, which
are utilized to monitor strains along the tower®s base; and a
precision pendulum, which 1s employed to identify oscillations and
global movements of the structure. Each technique iIs presented with
its respective experimental configuration, operating principles, and
type of data generated, with particular attention to the analysis
and interpretation of the AE signals.
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3.1 Acoustic Emission (AE)

AE iIs a non-destructive monitoring technique that facilitates real-
time detection of internal degradation processes iIn materials and
structures, 1including cracks, friction, or displacements at
interfaces. These phenomena release elastic energy in the form of
stress waves, which propagate through the structure and can be
captured by piezoelectric (PZT) sensors installed on the surface of
the sample or structure being monitored. Each acoustic emission event
generates a short-duration transient signal, typically ranging in
frequency from tens of kHz to several hundred kHz. The waveform and
derived parameters (such as amplitude, energy, rise time, average
frequency) of this signal provide information about the nature and
severity of the generating source. The method is distinguished by
its high sensitivity, enabling the detection of microdamage prior
to i1ts visibility, and 1i1ts capacity to provide a dynamic and

localized evaluation of structural activity [9].

3.1.1 Experimental devices and test setup
The AE system installed at the base of the Garisenda Tower consists
of two independent modules, designated AEOO1 and AE002, each equipped
with eight acquisition channels connected to piezoelectric sensors.
The 1nitial module (AEOO1) was activated on 31st May 2019, while the
subsequent module (AE002) became operational on 14th March 2023 [14].
The piezoelectric sensor array utilized is the Lunitek AEmission
LT18-003-PRDO0-RO model [15], with a frequency response range
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between 15 kHz and 625 kHz, rendering it suitable for the detection
of acoustic emission events associated with the development of micro
damage. These sensors were attached directly to the interior wall
of the tower with a high-strength adhesive selected for i1ts capacity
to ensure reliable adhesion even under adverse environmental
conditions.

The system operates at a sampling rate of 5 MS/s at 16 bits,
thereby enabling high-resolution signal acquisition and real-time
analysis. The subsequent processing of the captured waveforms is
instrumental In the automatic extraction of pertinent parameters,
including the amplitude, duration, energy, and average frequency.
Figure 2(a) shows the sensor distribution scheme at the base of the

tower, while Figure 2(b) shows the sensors installed in situ.

Figure 2. (@) Layout illustrating the positioning of the PZT
transducers around the base of the tower, (b) sensors of the system
AEOO1 1installed in the East wall of the tower base. Note that

sensor 5 was initially installed inside the tower base, as shown
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in (b), and was subsequently repositioned to the external location

indicated in (a).

3.1.2 ldentification of critical conditions by using AE time series
In order to assess the structural integrity of the tower and identify
possible precursors of damage, a series of parameters were extracted
from the AE time series. The parameters have been designed to capture
different statistical, dynamical, and informational aspects of the
signal, thus offering a multiscale view of the underlying physical
processes. More precisely, the following indicators were considered:
- the b-value, derived from the Gutenberg-Richter relationship,
commonly used to describe the amplitude distribution of AE events;
- the Hurst exponent, which quantifies the presence of long-term
correlations or memory effects in the signal;

- the natural time analysis, a tool for detecting critical
transitions in time series with irregular event occurrence;

- and the MCF-B approach, which is an approach employed in order to
capture the crossover phenomenon, an indicator of critical
condition;

In order to facilitate iInterpretation of these parameters and
illustrate their diagnostic capability, a simplified and well-
controlled experimental case iIs employed as a reference, see Figure
3(a). In this example, the focus i1s on a concrete cube under uniaxial
compression, where the transition from elastic behavior to

structural failure was thoroughly observed through the use of AE
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(the positions of the sensors are indicated iIn Figure 3(a)). The
failure pattern of the sample i1s presented in Figure 3(a), as well.
In Figure 3(b), the cumulative AE event count is presented alongside
the normalized amplitude values (on the right-hand axis), together
with the corresponding load evolution (out of scale). More details
about the experimental setup, the loading conditions, and the devices
used can be found in Ref. [16]. The same parameters listed above
were employed during this AE test, enabling a direct association to
be made between their temporal evolution and the mechanical
degradation of the specimen. This reference scenario provides a
foundation for comprehending the significance and critical
thresholds of each indicator, thereby facilitating their application
to a real-world case study of the Garisenda Tower.

(a) b-value

Definition: Studies iIn seismology and their connection to AE 1in
engineering structures have significantly contributed to the
theoretical understanding of how AE signals are related to damage
processes in materials. A well-known example of this connection is
the classic law proposed by Gutenberg and Richter [17], which
describes the statistical distribution of signal amplitudes through
a universal exponential relationship. According to Shiotani et al.
[18], this is considered a universal law, meaning it 1Is independent
of the system’s scale or the size of the structure. The law can be

expressed as follows:
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NE A)=¢A D (&)
where N is the cumulative number of events, A the signal amplitude,

¢ is a constant and b is the b-value. More precisely, b represents
the slope obtained from the linear fit between the signal amplitude
and the cumulative number of events when both quantities are
expressed on a logarithmic scale.

Interpretation: The evolution of the b-value throughout the
compression test is shown in Figure 3(c). The full duration of the
test was segmented into 14 equal time intervals without overlapping,
and the b-value was computed for each segment. For most of the
loading phase (approximately 60% of the total test duration), the b-
value remained relatively stable. However, a pronounced drop is
observed in the final phase of the test, with the b-value decreasing
from values above 1.5 to approximately 1. This behavior 1is
significant: b-values approaching 1 are widely interpreted as
indicators of critical damage evolution, where Blarger and more
energetic acoustic emission events become dominant, signaling an
imminent structural instability [19].

(b) Hurst exponent

Definition: The influence of past events on critical events has been
the subject of extensive research In a variety of complex systems
[20], through the analysis of characteristics associated with
temporal persistence or long-term memory [21]. A well-established

approach to quantifying the intensity of these correlations over
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time 1s the so-called Hurst analysis [22], also known as the rescaled
interval (R’/S") analysis.

The calculation of the Hurst exponent (H) is based on the
statistical analysis of successive segments of the time series. For

each window of size n, a cumulative profile Yy(n) is constructed,

from which the range R" is determined. This is defined as the

difference between the maximum and minimum values of the
aforementioned profile, that is, R =max [y(n)]-min [y(n)]. This range is
then normalized by the local variability of the segment, that is,

divided by its standard deviation, S . This gives the R'/S" index for

each window. By calculating the mean of the R’/S" values across all

windows of a given size n, it can be observed that, for series with
long-range correlation, this mean presents a power-type scaling

relationship:
(R™/S"),0n" @)
Consequently, the exponent H corresponds to the slope derived
from a least-squares regression performed on the log-log
representation of R’/S" as a function of the window size n. Values
of H >0.5 indicate persistence (future events tend to follow the
same trend as previous ones), whille H <0.5 suggests anti-persistence

(a tendency to reverse). The case H =0.5 corresponds to a pure random

process, with no memory.
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Interpretation: Figure 3(c) shows the evolution of temporal
correlations in AE amplitudes during compressive loading of the
concrete cube. Up to 60% of the normalized time, the Hurst exponent
stabilizes around 0.52, reflecting weak persistence. Thereafter, a
progressive increase toward 0.6 is observed, aligned with the surge
in event occurrence rate highlighted in Figure 3(b). This correlation
strengthening continues until peak stress conditions. Similar
behaviors have been documented In seismic time series preceding major
earthquakes [23,24].
(c)Natural Time
Definition: Natural Time Analysis (NTA) was introduced in 2001 [25]
as a novel statistical tool designed to distinguish low-frequency
(£ 1 Hz) seismic electric signals (SESs) from anthropogenic noise.
Over time, NTA has proven effective iIn unveiling critical dynamics
in seismic activity, contributing to improved accuracy in defining
time windows for potential earthquake occurrences [26,27]. Unlike
conventional continuous time representations, NTA employs a
discrete-time framework, which allows 1t to uncover subtle dynamical
patterns often hidden in complex systems. This characteristic makes
it a valuable tool for identifying the progression toward critical
states. A comprehensive overview of the method and its broad range
of applications—including studies on AE time series—can be found iIn
the review by Varotsos et al. [28].

NT analysis examines the evolution of a system by focusing on
the order of occurrence of events rather than on their conventional
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temporal spacing [25-28]. For a sequence of N events, each event is
represented by the normalized index y, =k/N, which lies within the
interval (0,1]. Instead of directly analyzing the raw amplitude, the
method assigns to each event a quantity Q, proportional to the
released energy. The normalized weight of each event iIs expressed
as pkz(%/EZ:ﬂQn- In AE applications, Q, may correspond to either to
the emitted AE energy or to the recorded signal amplitude [29-31].

Thus, the statistical description of the sequence i1s based on
the pair (y.,p), Wwhich incorporates both event ordering and
energetic contribution.

The approach to criticality 1is evaluated through four

complementary quantities derived from this representation: the

variance k,, the entropy S, the entropy under time reversal S and

rev ?

the average distance (D).

The variance x;, Eq.(3), acts as an order parameter of the
system, reflecting the internal organization of the sequence. Its
convergence toward the theoretical critical value x; =0.070 indicates

strengthening correlations among events.
N

m=(2")~(2) =2 p (ﬁj —(Zﬁ pka 3

k=1
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Figure 3. (a) Experimental setup of the concrete cube under
compression, sensor’s location and Tfailure configuration; (b)
Cumulative AE event count and AE-signal amplitudes (load is out of

scale) both on the right-hand scale; (c) b-value and Hurst analysis;
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(d) NT analysis considering Q=A"; (e) fitting exponents p, and

p, by following the MCF-B.

Similarly to «,, S in the NT domain is a dynamic quantity that

incorporates the sequential organization of events. It is defined

as:

S=(xInx)~(x)n(x) EKZN_; P IN 2 —[kZN; pkzkjln(g pkzkj @

At criticality, the entropy must fall below the value
corresponding to uniform noise (S,), i.-e., S<S,=(In2/2)-1/4~0.0966 -

To account for directional effects In event ordering, the entropy
under time reversal is computed according to Eq. (5), providing an
additional consistency check on the evolving dynamics. The criterion

for criticality 1i1s i1dentical to that of S, specifically,

Sp < S, =(IN2/2)~1/4 ~ 0.0966 -

rev

N N N
Siev = Z Pu_wa i IN 24 _(Z pN—k+1ij|n£Z pN—k+lej o)
k=1 k=1 k=1

The average distance (D) quantifies the average separation

between the normalized power spectrum [26,27],

©)

(where w=27p ($<(0,0.5) denotes the natural-time frequency) and the

theoretical (ideal) spectrum expected at criticality,
18



18 6cosw 12sinw
1_[(a))ideal = 5602 - 2 3 (7)

5w 5w

which, for »—0, reduces to [I(w),  ~1-0.070°- A system is interpreted

ideal

as approaching a critical condition when the average distance between

the observed spectrum and the theoretical prediction satisfies

<D> = <‘H(a)) _H(a))ideal > <10”.

In practical terms, a critical regime i1s iInferred only when
variance, entropy measures, and average spectral distance
simultaneously approach their respective reference values.
Interpretation: Figure 3(d) presents the NT analysis performed
according to the procedure described above. The onset of imminent
instability is identified at the instant when all four criteria are
simultaneously fulfilled (gray shaded regions). For the compressed
concrete cube, this convergence occurs shortly before the peak load
iIs reached, specifically around 0.89 in normalized time. Therefore,
the NT indicators signal the transition to a critical regime
immediately prior to macroscopic failure.

(d) MCF-B approach

Definition: The Method of Critical Fluctuations-Based (MCF-B) is
employed to examine the statistical properties of the amplitude
distribution of AE events [32]. It extends the conceptual basis of
the original MCF [33], which was designed to investigate critical
fluctuations near second-order equilibrium phase transitions [34].
The MCF-B methodology adapts this theoretical background to AE

datasets by representing the frequency—-magnitude distribution
19



through a hybrid analytical form that incorporates both power-law (
p,) and exponential (p,) contributions. Specifically, the

distribution of AE event magnitudes iIs expressed as:
N(A)=p,-A %™ €))
where p, is a constant. In the present study, p, is reported

normalized with respect to the maximum amplitude within the analysed

AE dataset.
Tracking the evolution of p, and p, during loading provides

insight iInto the progressive departure from linear scaling (pure
power-law) and its connection with the onset of failure. Notably,
close to collapse, the behaviour of these exponents reveals a
crossover pattern, comparable to transitions reported in other
dynamic systems such as the Fiber Bundle Model (FBM) and fuse
networks [35,36].

Interpretation: Figure 3(e) presents the results of the MCF-B

analysis applied to the AE data from the compressed concrete cube.

The exponents p, and p,, obtained from fitting Eq. (8), are shown

together with the coefficient of determination R?> (on the right-hand

axis). Up to a normalized time of approximately 0.7, both exponents

remain nearly constant (p,~195, and p,~0.48). Beyond this point, the
distribution converges to an almost ideal power-law regime (p,>1,
and p;~0.0), highlighted in gray, indicating the emergence of scale
invariance. Subsequently, a crossover behavior develops: P,

20



decreases while p, Increases monotonically as the system approaches

peak load. Within the MCF-B framework, the onset of criticality is

therefore characterized by the appearance of a near-perfect power
law followed by the simultaneous decrease of p, and growth of p,,

signaling the transition to failure.

3.2. Fiber Optical Sensors (FOS)

In order to facilitate continuous monitoring of vertical
deformations at the base of the Garisenda Tower, a system based on
OSMOS fiber optical strands sensors was utilised (OSMOS Group is a
SHM Company based in France). This system was installed in a vertical
orientation on the 1internal faces of the structure [7-9]. This
configuration facilitates the high-resolution detection of
micrometric variations in deformation occasioned by mechanical or
thermal actions, therefore, contributing to the diagnosis of the
structural behaviour of the base.

The system was initiated on 31 May 2019 and consists six optical
strands: four of which, measuring 2.0 m in length, were affixed to
the four internal corners of the structural cell, while the remaining
two, each 1.0 m in length, were positioned on the internal east and
south faces, regions that lie furthest from the neutral axis and
consequently experience heightened stresses [7,8,14]. This
configuration enabled the capture the localized effects of

differential deformations. Figure 4(a) illustrates the layout of the

21



optical fibers iInstalled within the tower, while Figure 4(b) shows
their placement along the East wall at the base.

The sensing system operates with a strain resolution of 1lue and
a sampling rate of 100 Hz. Data are processed iIn real time by an
intelligent acquisition unit responsible for signal pre-
conditioning, temporary storage, and transmission to a dedicated
cloud platform. Access to the data is facilitated by means of a web
interface, thereby enabling remote and continuous monitoring of the

tower*s structural performance [7,8,14].

Figure 4. (a) Schematic disposition of the optical strands, (b)
the optical strings installed along the eastern wall at the base

of the tower.

3.3. Pendulum Monitoring

On 25 February 2021, a 30-metre long pendulum was installed by the
Firm R.TEKNOS of Bergamo (ltaly) within the Garisenda Tower with the
purpose of monitoring horizontal movements at the tower®s summit,
with a particular focus on the XY plane. Figure 5(a) shows a

22



schematic representation of the pendulum system installation and
Figure 5(b) show details of the pendulum inside the tower.

The acquisition system linked to the pendulum automatically
takes measurements at six-hour intervals, transmitting the data to
a management and storage platform. The device has been demonstrated
to have the capacity to record displacement ranges of up to 100 mm
in the x direction (facing southeast) and 50 mm in the y direction
(facing northeast). The system®s resolution is 0.075% of the maximum
measurement range, equivalent to 0.075 mm in the x direction and
0.0375 mm in the y direction, ensuring high accuracy iIn detecting

structural oscillations.

Figure 5. (a) Schematic view of the pendulum installed within the
tower (courtesy of R.TEKNOS); (b) detailed view of the device and

its internal configuration.
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In addition to displacements, the system also records the
temperature within the base of the tower, measured by a sensor
installed on the eastern wall approximately 0.35 m above floor level,
thus allowing for the evaluation of possible correlations between

thermal variations and the structure®s dynamic response.

4_ RESULTS AND DISCUSSION

4.1 Acoustic Emission Results

4.1.1 AE activity analysis

The AE monitoring, presented in this paper, concerns the analysis
of AE signals, commencing on 31/05/2019 and concluding on 30/06/2025.
More precisely, the total number of different days considered in
this study is 1600, which is equivalent to the number of monitored
days per year (considering both devices) as presented In Table 1.

The number of AE events In each year i1s presented as well.

Table 1. Number of days monitored and AE events using devices
AEOO1 and AEO002.

Year Monitored days Monitored days
AEQ01 (AE events) AE002 (AE events)

2019 92 (219) -

2020 230 (935) -

2021 234 (1252) -

2022 239 (1250) -

2023 289 (3001) 128 (1399)

2024 243 (10102) 259 (5659)

2025 158 (4488) 124 (3550)
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Figure 6(a) shows the analysis of AE activity during the
monitoring period. The x-axis represents the sequential day count
starting from the day of the first measurement (day 151,
corresponding to May 31, 2019). For subsequent years, days were added
cumulatively without resetting at the beginning of each calendar
year. Vertical dashed lines indicate the first day of each year,
with the corresponding year labels shown above the figure. The
behaviour of the accumulated number of events seems to indicate the
steady growth of AE signals from AEOO1 up to day 1574 when
exponential growth takes place, indicating a new scenario in the
damage process of the structure. Due to this fact, on October 30,
2023 (day 1757 in Figure 6(a)) the tower was closed to visitors and
the square around it (Piazza di Porta Ravegnana) was isolated by the
city council to assess its structural condition [37]. With regard
to the findings of system AEO02, it is evident that it deviates from
system 001 fTollowing the onset of 2024, exhibiting non-linear
behaviour, similarly to AEOO1, although with divergent trends. For
example, between the days 2000 and 2200, system AE002 exhibited no
correlation with the substantial increase in accumulated AE events
of system AEO001. This finding suggests that the two systems are
monitoring distinct sources, attributable to their different

positioning within the tower.
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Figure 6. (a) AE Rate (AE/day) during the entire monitoring period
and accumulated number (Nacum) of AE, and (b) Number of earthquakes,
represented by their magnitude on the Richter scale, (c) Spatial
distribution of EQs with magnitude greater or equal to 2, with the
radius considered being 40 km from the city center of Bologna (data

from https://terremoti.ingv.it/).
26



Figure 6(b) shows the number of Earthquakes (EQs) with
magnitudes (M) greater than 2.0 on the Richter scale, and with
epicentres located within a radius of 40 km from the city centre of
Bologna. The data presented here were obtained from the Italian
National Institute of Geophysics and Volcanology (INGV), and include
a total of 113 EQs.

Figure 6(c) illustrates the spatial distribution of these
events, with emphasis placed on those with magnitudes exceeding 3.5.
During a 59-day monitoring period, temporal coincidences between
local seismic events and AE activity were identified. However, the
majority of these coinciding days exhibited relatively low AE rates.
In fact, no consistent or immediate iIncrease in AE activity was
observed following seismic events. This Tfinding iIs supported by
previous reports and illustrated iIn Figure 7, which shows AE
behaviour from system AEOO1 surrounding the M 3.8 earthquake on 26
August 2024 (day 2065 on Figure 6(a)), see details of this seismic

event in https://terremoti.ingv.it/event/40210311 (accessed on 16

December 2025).

Despite the absence of a sudden iIncrease at the precise moment
of the seismic occurrence (01:45), a gradual growth in AE rate is
observed iIn the subsequent hours. This suggests that, rather than
exerting a direct and immediate structural iImpact, low-magnitude
seismic events may contribute indirectly to the 1initiation or
progression of micro cracks, potentially with a time delay as the

structure seeks a new equilibrium. Therefore, while the presence of
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seismic events near Bolognha i1s recognized, the evidence iIndicates
that they are unlikely to have significantly affected the tower-"s
integrity during the monitoring period. Consequently, the
correlation between AE and seismic activity should not be interpreted
as causation, particularly in view of the low energy typically

associated with the majority of recorded events.

Figure 7. AE behaviour from AEOO1 system surrounding the M 3.8
earthquake on 26 August 2024 (day 2065 on Figure 6(a)), see details

of this seismic event in https://terremoti.ingv.it/event/40210311

(accessed on 16 December 2025).

Figure 8 presents the seasonal analysis of AE rates for AE001
system. The values represent the median (the central value that
divides the distribution in half, with 50% of days presenting lower
values and 50% higher) and the interquartile range (IQR) (the
difference between the third and Tfirst quartiles, a measure of

dispersion encompassing the central 50% of the data).
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Figure 8. Seasonal analysis of acoustic emission rates (median and
interquartile range - IQR) recorded by system AEOO1 for each year.
Seasons marked with an asterisk (*) 1iIndicate incomplete data
collection periods (the cell corresponding to 2025, Autumn was left

empty for the same reason).

The analysis of the results reveals a clear transition in the
structure®s behaviour over the study period. A consistent seasonal
pattern is observed between 2019 and 2022, with greater activity in
winter (medians of 3-6 events/day) and lower activity in summer (1-
2 events/day). This 1is characteristic of structures with stable
thermal behaviour, where the thermal 1iInertia of the materials
predominates. However, from 2023 onwards, a progressive inversion of
this pattern is identified, culminating 1In 2024-2025 with

significantly high activity in summer (medians of 15-39 events/day)
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and extreme variability (up to 68 events/day). The loss of the
characteristic seasonal pattern—particularly the disappearance of
winter peak activity—indicates a fundamental change iIn the
structure®s thermal resilience. This suggests the activation of
damage mechanisms that are no longer directly governed by seasonal
temperature variations. For instance, the propagation of cracks,
rather than interfacial friction, could generate distinct acoustic
emission signatures. In addition, modifications in the structural
integrity may have created new stress concentration points that
respond differently to thermal gradients.

Figure 9 presents the seasonal analysis of AE rates for AE002
system, which covers a shorter monitoring period (2023-2025). The
figure is plotted iIn the same patterns of Figure 8. Unlike AEO0O01,
which captured the transition, AE002 data already reflect the
unstable regime. AE rates were relatively low in 2023, with sporadic
peaks, but increased markedly in 2024, reaching seasonal medians of
~15 events/day and high dispersion (IQR up to 33.5). In 2025, the
pattern remained unstable, with variable medians and a summer peak.
Overall, AEOO2 reveals a consistently unstable regime, characterized

by moderate-to-high activity and substantial variability.
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Figure 9. Seasonal analysis of acoustic emission rates (median and
interquartile range - IQR) recorded by system AEO02 for each year.
Seasons marked with an asterisk (*) iIndicate incomplete data

collection periods.

A comparison between the two systems reveals their
complementarity in relation to AEOO1. AEOOl1l, which spans a longer
period (2019-2025), documents the transition from a stable regime
(2019-2022) to a more irregular and intensified one from 2023
onward. The AE002 system, conversely, commences precisely at this
transition phase (early 2023), capturing exclusively the already

unstable regime of the structure.

4.1.2 Critical behavior identified based on AE time series
The structural integrity of the Garisenda Tower is iInvestigated by

following the parameters described in Sub-section 3.1.2. 1t 1is
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important to note that between 31/05/2019 and 23/01/2022, only the
number of signals was recorded in the AEOO1 system. However, from
24/01/2022 onwards, the following AE signal parameters were stored:
peak amplitude, A (mV); AE energy, Ea (mV); ring-down count (number
of times the AE signhal exceeds a preset threshold); duration (s);
and frequency, F (kHz). Such parameters were recorded by the AE002

from the point at which the system was installed.

(a) b-value and Hurst analysis

The b-value 1i1s evaluated throughout the monitoring period,
considering an event moving window, W, equal to W=300 hits (that 1s,
b-value 1s computed at event #300, based on a temporal series
starting at event #1, then from #2 to #301, #3 to #302 and so on).
The amplitudes of the AE signals are plotted in Figure 10(a) and (b)
for systems AEOO1 and AEO002, respectively, whereas the results of
the b-value are presented in Figure 10(c). More precisely, for AEOO1
a stable behavior is reported up to day 1554, with b-values around
1.2. It is worth remembering that b-values close to unity correspond
to the growth of macro-fractures in the monitored element [19]. After
that a high fluctuation in the b-value is reported, not being
possible to recognize a trend in the fracture process. The final
period with high b values (>2.0) suggests that the structure 1is
stable and governed by AE events with small amplitudes. This could
perhaps indicate that previous episodes are correlated with local

instabilities.
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Figure 10. (a) AE amplitudes during the monitored period for AEOO1
and (b) AE002 systems. (c) b-value over time calculated using an
event moving window, W, of W=300 events (d) Hurst exponent by using

the same event moving window, W.

In contrast, the b-values reported by AE002 are consistently
higher, with an average of approximately 3.2 throughout the
monitoring period. This indicates a fracture process dominated by

micro crack formation and the absence of significant energy releases,
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suggesting a different mechanical behavior or stress environment
captured by this system.

Figure 10(d) summarizes the corresponding AE signal long-range
analysis according to the R*/S* method for both systems. The H
exponent is evaluated for each event throughout the monitored period,
considering a 300-event moving window, that is, by using the same
approach of b-value. In both AEOO1 and AEO02, persistent correlations
dominate the AE signal evolution, with H values generally above 0.5.
The maximum persistence is recorded at day 1773 (09/2023) for AEO001
(H = 0.77) and at day 1846 (01/2024) for AE002 (H = 0.74). These
values indicate that the AE processes exhibit long-term memory and
that micro crack interactions may occur in a correlated manner over
extended periods. Figure 11 presents the amplitude distribution of
AE events recorded by system AEO001, corresponding to the signal
series shown in Figure 10(a). The histogram reveals that most AE
events exhibit low amplitudes throughout the monitoring period. This
observation supports the persistent behavior identified in the Hurst
analysis (Figure 10(d)), suggesting that small-amplitude events are
temporally correlated and likely to be followed by other small
events. In other words, the high Hurst exponent may not be attributed
to energy escalation, but rather to the structured recurrence of
low-energy activity. Only the data from AEOO01 are used iIn this
example, given i1ts more extensive and continuous recording period

compared to AEOQO2.
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Figure 11. Distribution of AE event amplitudes plotted in Figure
10(a). The color scale represents the accumulated number of AE

signals iIn log scale.

(b) Natural time approach
The NT was employed taking the energy parameter Q,_ equal to AL®
where A i1s the maximum amplitude of the signal (in mV). Calculation

of the term A was performed hit by hit, i.e., every time a new
signal was i1dentified, it was included in the NT analysis, leading

to the rescaling of the (x, , Q) time series and the recalculation
of «x,, S, Sev and <D>. The figure additionally includes horizontal
reference lines marking the critical values of x (red dashed), <D>

(green dashed), and the entropies S and Srv (blue dashed). In the
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present framework, the system s considered critical only when all
four indicators simultaneously attain their respective thresholds.
The time interval satisfying these conditions i1s highlighted in gray
in Figure 12. By contrast, the yellow region corresponds to intervals
where one of the NT parameters has not yet reached its critical

value.

Figure 12. Natural time approach by employing Q, = A*>for system (a)
AEOO1 and (b)AEOO2. A grey background is indicative of a critical
regime, whereas a yellow background signifies that the entropy

parameter (S) has not exceeded a critical value.

It can be seen that, for AEOO1 system, Figure 12(a), the first

critical region occurs on day 1207 before the occurrence of AE
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activity with high amplitude events (the b-value is also close to 1
on this day, see Figure 10(b)). The second critical region assumed
(only the entropy S did not converge), iIs a wider region between
days 1619 (06/2023) and 1758 (10/2023). The beginning of this second
region corresponds to the one where a high AE rate is reported. After
this second region, all NT parameters move away from the convergence
values towards criticality, indicating that the structure is stable.
Therefore, the critical regions above may suggest local
instabilities. It is worth noting that the yellow region in Figure
12(a) might be related to the preparation for the traffic closure
around the tower on day 1757 (10/2023), although this should be
interpreted as a hypothesis rather than a definitive conclusion.
Regarding the AE002 system, the NT analysis identified a
critical region, located from day 2050 until the last day of
monitoring, that is, June 30, 2025. In the framework of NT analysis,
this behavior indicates a state of enhanced correlations within the
system, which may be associated with a long-term reorganization
process or an ongoing search for a new equilibrium configuration at
the tower base. Although both AE systems record emissions associated
with the same structure, the spatial distribution and intensity of
the events detected differ significantly. The difference iIn event
density, coupled with their possible location iIn regions with
distinct damage progressions, may explain the deviations observed in

the critical parameters.
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(c) MCF-B approach
To estimate the exponents p, and p, within the MCF-B framework, a

sequential procedure is adopted:
1. Construct the amplitude histogram considering an initial
subset of AE events from event #1 up to event #B;
2. Represent the corresponding frequency—magnitude
distribution in log-log scale and fit i1t using Eq. (8) to
extract p, and p;;
3. Extend the dataset incrementally (from #1 to #B+1, #B+2,
and so on) and repeat the previous steps, allowing the
continuous updating of the exponents throughout the entire
record.
Within this methodology, the onset of criticality is identified
by the emergence of an almost ideal power-law regime, followed by

the concurrent decrease of p, and monotonic growth of p,.

Figure 13(a) presents the results of the MCF-B approach for the
AEOO1 system, along with the AE amplitudes (shown on the right-hand
axis). An initial dataset consisting of 300 events was considered.
The critical behavior mentioned above was not observed in the time

series under analysis. In fact, the observed trend is the opposite

of what would be expected in a critical scenario: the p, value

increases monotonically while p, decreases. This competitive behavior

between the exponents is characteristic of the MCF-B approach,

similarly to what was originally proposed in the MCF framework.
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Between days 1813 (12/2023) and 2066 (08/2024), the p, value

approaches zero, suggesting the emergence of a perfect power-law
regime, which implies that AE events are occurring across all scales.
This phenomenon coincides with a phase of exponential growth in the

cumulative number of AE events, as shown iIn Figure 6. After this
period, negative values of p, are observed, indicating an upward tail

in the NCA)- A relationship. This behavior may suggest the
coexistence of multiple AE mechanisms or sources. Such findings are
consistent with observations reported by Birck et al. [38] iIn the
context of seismology.

One approach to identifying AE emission sources is based on the
Rise Time (RT) versus Average Frequency (AF) relationship. In the
absence of RT data, the analysis was instead performed using the
Duration versus AF relationship. Figure 13(b) presents the evolution
of the characteristic frequency and duration of AE events, calculated
using a moving average of 20 samples. After 2024, a decline in the
frequency of AE events is observed, accompanied by an increase in
the duration of AE events. This trend may indicate the activation
of shear-related fTailure mechanisms. However, a more precise
interpretation would benefit from RT measurements, which were not
recorded in this dataset. At the same time, the tendency for the
characteristic frequency of AE events to decrease may represent an
increase In the flexibility of the structure in the local of the AE
sensors, therefore associated with the loss of a more stable

condition.
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Figure 13. For AEO001 system: (@) Exponents p, and p,, and (b)

Frequency and duration of AE signals starting on 01/24/2022.

Figure 14(a) presents the results for the AE002 system,
following the same procedure employed to compute the exponents for
the AEO01 system. It can be observed that the critical MCF-B
signature 1i1s identified i1n the AE002 data. More precisely, this
critical region starts shortly after the activation of the AE002
system in early 2023 and lasts until approximately day 1980
(06/72024). Notably, this region occurs slightly earlier than that
identified by the natural time (NT) analysis (see Figure 12(b)).

Another iImportant observation is that after this critical region,
the value of the p, exponent remains approximately zero until the

end of the monitored period. This indicates, as also observed in the
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AEOO1 system, that a power-law relationship 1is established,

suggesting that AE events occur across all length scales.

Figure 14. For AEOO2 system: (a) Exponents p, and p, from the MCF-
B approach, and (b) Frequency and duration of AE signals starting
on 01/24/72023. (c) Evolution of exponents p, and p,, together with

the coefficient of determination, R?2, for days (a) 1652, (b) 1978
and (c) 2119 in Figure 14(a). The solid blue line i1s the linear

approximation.
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Regarding the duration and frequency of the signals, which are
presented following the same format used in Figure 14(b), no
significant changes 1n behavior are observed throughout the
monitored period.

Figure 14(c) details the fitting procedure used to generate
Figure 14(a), focusing on days 1652 (11/07/2023), 1978 (31/05/2024),
and 2119 (17/10/2024), identified in Figure 14(a) by yellow stars.
The exponents were estimated using the fitting function described
in Eq. (8), with the coefficient of determination (R2) included in
each subplot of Figure 14(c). It is noteworthy that point 3 In Figure
14(c) reveals a "perfect” power-law behavior, whereas the other cases

show a deviation from linearity.

4_2. FOS Results

Figure 15 shows the average daily strain, calculated by averaging
the measurements from the five optical strands, as a function of the
average daily temperature recorded inside the tower cell. The results
reveal an approximately linear correlation, consistent with thermo-
mechanical effects, being the greatest contractions occurring around
8.0°C, while the largest expansions observed near 25.0°C. Over time,
the dataset gradually shifts towards more negative strain values,
suggesting the accumulation of long-term structural deformation
superimposed on seasonal cycles. A small deviation is observed at

the beginning of the monitoring period, which might be related to
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sensor accommodation or transient conditions iImmediately after

installation.

Figure 15. Correlation between walls average vertical strains

measured by five FOS and tower internal temperature.

Figure 16 shows the temporal evolution of FOS measured along
with the cumulative number of AE events from both AE systems (see
the disposition of each FOS within the tower in Figure 4). The strain
curves exhibit a cyclic pattern consistent with seasonal influences;
moreover, they also display significant non-recoverable part of the
strains during the final phase of monitoring, especially in the SE
direction (FOS 03), that coincide temporally with the phase of

exponential AE growth.
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Figure 16. Temporal evolution of the strains reported by FOS,
together with the accumulated number of AE events (on the right-hand

scale) for both AE systems.

By analyzing the strains trends shown, i1t is evident that the
minimum contraction values are recorded by the optical strand O5E,
positioned at the southeast corner of the tower cell. In contrast,
the highest contraction values are associated with the optical strand
O1INW, located at the northwest corner. This spatial distribution of
strain amplitudes 1is consistent with the expected structural
behavior of a tilted tower, where differential thermal responses and
gravitational effects are more pronounced along specific
orientations.

When comparing the cumulative AE signals from system AEOO1 with
the strain trends, i1t is observed that the largest increases in AE
activity correspond to the periods of maximum wall contraction,
particularly before the year 2022. Notable examples include the

abrupt AE signal rises on days 408 (January 25, 2020) and 772
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(January 26, 2021), which coincide with the minimum deformation
values recorded by the FOS system. However, after 2022, this
correlation between contraction and AE activity becomes less evident
or disappears altogether.

The correlation between the cumulated AE activity and FOS
average daily strains, as well as that between the cumulated AE
activity and average daily temperature, are shown in Figure 17 and
18 for AE system 001 and 002, respectively. It should be noted that
the figure is divided into two scales, separated by the light blue
shadow area (0-0.35x10* and beyond 0.35x10* accumulated number of AE
events), In order to emphasize the distinct features of the initial

monitoring phase compared with the later structural response.
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Figure 17. AEO00l1: (@) Average daily temperature vs cumulated AE
activity, and (b) average daily strain vs cumulated AE activity. The
light blue shadow area (0-0.35x10* and beyond 0.35x10*) separate the
two scales used to emphasize the distinct features of the initial

monitoring phase compared with the later structural response.

In the case of AEO001, Figure 17, a clear seasonal pattern
emerges, where the largest iIncreases iIn AE activity predominantly
occur during periods of thermal contraction of the masonry walls,

especially when temperatures drop below approximately 12°C and
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average strains fall below -0.1 mm/m. This behavior can be explained
by the complex internal structure of the tower’s masonry. As reported
in previous studies [7,8,14], the tower wall has an overall thickness
of approximately 275cm, consisting of three main components: (1) an
inner layer of about 40cm of selenite block masonry (a crystalline
form of gypsum), (i1) a ~150cm core of heterogeneous “a sacco”
masonry, and (iii1) an external 80cm layer of selenite blocks,
including the ashlar covering. Due to the different thermal
properties and mechanical behaviors of these materials, especially
the lower thermal conductivity and greater disorder of the “a sacco”
masonry, the structure Hlikely undergoes differential thermal
deformation during cooling periods. While the selenite layers may
contract more rapidly, the central ‘““a sacco” core, due to its higher
thermal inertia, responds more slowly to temperature changes. This
mismatch may generate shear stresses at the interfaces, particularly
between the rigid selenite blocks and the irregular inner core, which
can lead to micro cracking and result in AE signals. Over repeated
seasonal cycles, this mechanism may contribute to a fatigue-driven
degradation process affecting the integrity of the tower. Notably,
a change i1n this correlation appears after 2023, where the rate of
AE accumulation becomes more uniform, potentially indicating a shift
in the structural response.

Similar behavior i1s observed for system AE002 (Figure 18), where
the cumulative AE events again show a correlation with colder periods

and increased contraction. These repeated patterns across multiple
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monitoring systems further support the hypothesis that differential
thermal deformation between structural components is the primary

driver of acoustic activity in the tower.

Figure 18. AE002: (@) Average daily temperature vs cumulated AE

activity, and (b) average daily strain vs cumulated AE activity.

4_3. Pendulum Results

Figure 19 presents the monitoring results with the pendulum installed
at Garisenda tower cell. Figure 19(a) shows the displacements in the
East-West (pdx) and North-South (pdy) directions, along with the
temperature variation (Temp) over approximately 1,600 days (from
February 2021 to June 2025) together with their long-term trends. A
strong correlation can be observed between temperature and the
seasonal displacements of the pendulum, with contractions during the

cold months and expansions during the warm months.
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Figure 19(b) shows the evolution of the pendulum displacements
recorded over the days of monitoring, where the red and blue solid
lines are the trends of the displacements in x and y, directions,
respectively. By considering the trend lines, the results iIndicate
a cumulative drift of approximately +2.6 mm in the eastward direction
(pdx) and —1.35 mm in the southward direction (pdy), which corresponds
to a resultant displacement trend of about 2.9 mm towards the
southeast. Short-term oscillations are evident and can be attributed
to reversible effects such as thermal cycles, but the long-term trend
reflects an irreversible structural movement. Overall, the pendulum
measurements suggest that the tower is slowly migrating towards the
southeast direction during the monitored period.

The irreversible displacements 1identified by the pendullum
system, although small in magnitude, should be seen as early signs
of structural evolution. When considered In conjunction with the
wall deformation data and acoustic emission signals, these
displacements suggest that the tower 1is undergoing a slow but

continuous process of internal reconfiguration.
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Figure 19. (a) Pendulum displacements in the x and y directions and
temperature over time. (b) pendulum movement from 2021 to 2025,

highlighting the displacement trend of 2.9 mm in the period.

4_4_ Discussion
The iIntegration of data from the various monitoring systems— AE,

FOS, and the pendulum —-combined with 1internal temperature
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measurements, offers a comprehensive view of the structural behavior
of the Garisenda Tower.

With reference to Structural Health Monitoring (SHM) data,
particularly those acquired through AE, the analyses indicate the
presence of signals compatible with progressive damage over time,
attributable to microcracking phenomena affecting the load-bearing
material.

A consistent trend emerges across all datasets: thermal cycles
play a central role in driving both microstructural damage (as
revealed by AE) and macroscopic deformations (as captured by FOS and
the pendulum). Specifically, periods of thermal contraction,
typically associated with lower temperatures, coincide with the
highest AE activity rates, especially before 2022. This supports the
hypothesis of differential thermal deformation between the inner and
outer masonry layers of the tower, leading to shear stresses and
microcracking.

The spatial distribution of AE activity further suggests that
such damage processes are not uniform, but rather preferentially
concentrated in specific structural zones, most notably at the
selenite basement and in the lower Inner masonry core on the eastern
side of the tower.

The FOS data corroborate this view, showing contraction maxima
in colder months, particularly in directions aligned with the tower"s

inclination. Notably, the SE and NW optical strands exhibit the most
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extreme strain values, suggesting anisotropic deformation patterns
linked to the tower’s tilt and orientation.

The pendulum records further reinforce this interpretation. The
displacements show clear seasonal cycles superimposed on a slow,
irreversible drift. This drift, accumulating to about 2.9 mm over
4.5 years, iIndicates permanent structural evolution, possibly driven
by cumulative damage, material creep, or foundation settlement.

The temporal trends observed in the AE datasets therefore point
to the need for a careful and cautious interpretation, framed within
a continuous and evolutionary monitoring perspective, aimed at

ensuring both monument preservation and public safety.
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orwilITbe explored in Futlireworks Such a shift is supported by the

emergence of power-law signatures In AE time series (as seen in the
MCF-B analysis), and by the loss of correlation between strain and
AE 1n the later monitoring period.

It should be emphasized, however, that the measurements were
acquired while an active construction site was present. As a result,
part of the observed signal variability may be related to ongoing
works, which can i1nduce transient perturbations on the structure
without necessarily implying a permanent worsening of its structural
condition.

In summary, the integrated analysis suggests that:
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- The two AE systems were complementary: AEOO1 captured the full
transition (2019-2025), while AE002 (starting in 2023) only recorded
the unstable regime.

These TfTindings highlight the i1mportance of multi-parameter
monitoring for heritage structures, enabling the early detection of
transitions in structural behavior that could otherwise go unnoticed

in single-sensor assessments.

5. CONCLUSIONS

The structural behaviour of the Garisenda Tower has been assessed
through a multiscale monitoring framework combining AE, FOS, and
pendullum data. The main findings are:

-Acoustic Emission: Seasonal patterns dominated until early 2022,
when contraction extremes in winter coincided with AE peaks.

-After 2022, signal 1irregularities and criticality indicators
suggest a transition toward autonomous damage accumulation.

-Fiber Optic Sensors (FOS): Wall deformations correlated strongly
with 1nternal temperature, with maximum expansion near 25 °C and
maximum contraction near 6 °C. The SE and NW strands exhibited the
largest amplitudes, consistent with tilt-induced anisotropy.
-Pendulum: Recorded a slow but irreversible displacement of nearly
3 mm over 4.5 years, superimposed on seasonal oscillations,
confirming long-term south-eastward drift.

- Overall, the combined results from the three independent monitoring

systems iIndicate the presence of evolving damage-related processes,
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characterized by both seasonal effects and longer-term components.
These findings are iIntended exclusively as a statistical
characterization of the monitored response and of changes iIn damage-
related regimes, and do not imply any direct assessment of the global

structural stability or safety conditions of the Tower.
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