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Featured Application: The Acoustic Emission (AE) technique can be used to perform structural
monitoring of historical buildings including tall masonry towers. In addition, the AE data
detected on the structure, during the earthquake activity, can be used to discriminate foreshock
and aftershock intervals.

Abstract: Historical churches, tall ancient masonry buildings, and bell towers are structures subjected
to high risks due to their age, elevation, and small base-area-to-height ratio. In this paper, the results
of an innovative monitoring technique for structural integrity assessment applied to a historical
bell tower are reported. The emblematic case study of the monitoring of the Turin Cathedral bell
tower (northwest Italy) is herein presented. First of all, the damage evolution in a portion of the
structure localized in the lower levels of the tall masonry building is described by the evaluation of
the cumulative number of acoustic emissions (AEs) and by different parameters able to predict the
time dependence of the damage development, in addition to the 3D localization of the AE sources.
The b-value analysis shows a decreasing trend down to values compatible with the growth of localized
micro and macro-cracks in the portion of the structure close to the base of the tower. These results
seem to be in good agreement with the static and dynamic analysis performed numerically by an
accurate FEM (finite element model). Similar results were also obtained during the application of
the AE monitoring to the wooden frame sustaining the bells in the tower cell. Finally, a statistical
analysis based on the average values of the b-value are carried out at the scale of the monument and
at the seismic regional scale. In particular, according to recent studies, a comparison between the
b-value obtained by AE signal analysis and the regional activity is proposed in order to correlate the
AE detected on the structure to the seismic activity, discriminating foreshock, and aftershock intervals
in the analyzed time series.

Keywords: bell tower; AE damage assessment; b-value; ; exponent; structural monitoring;
earthquake monitoring; seismicity; foreshock; aftershock

1. Introduction

Historical buildings frequently show diffused crack patterns due to different problems (thermal
loading, static and dynamic loadings, subsidence conditions, fatigue, and creep). Non-destructive
methods allow us to evaluate the state of conservation of these structures and its time evolution [1-5].
During the last few years, the authors have conducted many studies through the application of a
control method based on the spontaneous emission of elastic waves—the acoustic emission (AE)
technique [6-10]. By AE monitoring, the signals, emitted by defects, are acquired by wide-band
piezoelectric (PZT) sensors and successively post processed by statistical and analytical analysis. The
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AE technique is ideally suited for use in the assessment of historic and monumental structures that
are subjected to different loading conditions [9,10]. Using the AE technique, the authors acquired
considerable experience in the monitoring of historical buildings, such as tall masonry towers and
monuments in which the bearing walls are made of stones, masonry systems, and sack masonry [6,7,9].
At first, different studies have been conducted on the structural stability of the medieval towers in Alba,
a characteristic town in Piedmont (northwest Italy) [6,7]. Successively, the AE technique was employed
for the controlling of the evolution of structural damage caused by repetitive phenomena (vehicle
traffic loading, wind effects) such as in the case of the Asinelli Tower in Bologna (Central Italy) [6,10].
In the present study, the AE technique is used to determine the damage level in the bell tower of the
Turin Cathedral for different monitoring periods during the restoration work of the facades and the
top baroque cell containing the bells.

The bell tower was initially built in the second half of the 15th century between 1468 and
1470 [11,12]. Recently restored, the tower is inserted, today, in the Diocesan Museum of the Sabaudian
city (see Figure 1). The masonry tower was erected completely by the will of bishop Giovanni di
Compey (Figure 1a). Between 1720 and 1722, the court architect Filippo Juvarra worked on the
crowning and the dome, the tower assumed its current appearance—a brick construction that ends
with a baroque bell tower made by stone decorations [11,12] (see Figures 1b and 2).

(@) (b)
Figure 1. Architectural complex of the Cathedral with the bell tower in the front and the dome erected
by G. Guarini: (a) on the backside; (b) view of the isolated bell tower from the other side

The bell tower is today the third tallest masonry building in the City, (63 m) (see Figure 2a).
As mentioned, the structure, finished around 1470, was built next to the paleochristian complex of
the so-called three churches, the communicating buildings of San Salvatore, Santa Maria, and San
Giovanni Battista. Successively, the structure was incorporated into the building of San Giovanni.
About 20 years later, the churches were destroyed, and in their place, the city’s cathedral was built.
The brilliant architect Meo del Caprina designed the cathedral, and the original tower became the bell
tower, connected to the church by an underground gallery that is now part of the Diocesan Museum
(Figure 1a). The tower was restored for the first time in 1620, and a century after, the design of Filippo
Juvarra was completed for the top cell and the roof. When the Palazzo Vecchio was demolished
in the 19th century, the bell tower remained isolated and ignored until 1986, when contemporary
restorations were started by the architects Maurizio and Giuseppe Momo. The tower, therefore, consists
of two distinct parts: the 15th-century tower, with a squared plan erected on the site of the early
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Christian churches, still marked at the top by the opening of the ancient bell cell; and the 18th-century
crowning—the unfinished realization of Filippo Juvarra’s project (Figure 2b). The ancient part is a
square plan of about 10 meters (9.70 x 9.70) on each side with perimeter walls of a constant thickness
(2 m) up to the Juvarrian crown, where, in correspondence to the bell cell, the square is connected to an
octagon. The restorations of the 1980s were followed up in 2013 by the architects Maurizio and Chiara
Momo. In the last few years, the bell tower was subjected to the last external restoration works that
completely returned the tower to the city in all its magnificence (Figure 1b).

H[m]
SANTUARIO DELLA REAL CHIESA SAN BASILICA MAURIZIANA CAMPANILE BASILICA DI SUPERGA CAMPANILE CHIESA DI
CONSOLATA LORENZO S.CROCE DUOMO TORINO (7S m) SANTA ZITA
40 m) (50 m] (58 m) 63 m) (83 m)

Figure 2. Tall masonry building in Turin and parts constituting the bell tower. (a) The bell tower is the
third tallest masonry building in the city (63 m); (b) The tower is subdivided into different parts—the
stem and the bell cell are constituted by different materials and were erected in different times and by
different building techniques.

In the present study, a six-channel AE data acquisition system was used to evaluate the time
evolution of the crack pattern in the masonry of the ancient bell tower. The investigation has been
carried out using several statistical analyses and parameters for the assessment of the damage level
reached in the monitored structure [13-18]. The AE sensors were positioned at the base of the tower
between the first and the third level of the scaffolds (Figure 2b). The localization procedure, originally
employed by the triangulation procedure, was successively refined by the authors using an improved
version of the Akaike method, which is able to determine a reliable onset time determination of the AE
signal acquisition time [19,20]. In addition, the statistical analysis based on the b-value determination
were used in order to define the damage evolution in the masonry structures of the monument and the
timber structure sustaining the bells inside the top cell.

In addition, the AE signal analysis was correlated to the seismic activity recorded in the region
surrounding the monitoring site. A radius of 100 km was considered in order to evaluate the seismic
region where the earthquake time series were collected from the Italian National Institute of Geology
and Volcanology (I.N.G.V. http://terremoti.ingv.it/instruments). Furthermore, according to recent
studies proposed by Guglia and Weimer [21], a real-time determination of aftershock and foreshock in
the seismic times series is observed in the seismic time series near Turin for reduced magnitude levels.
Finally, an original application of the procedure adopted for the seismic time series was also applied
to the AE data, thus obtaining an impressive correlation to the earthquake activity. This evidence
contributed significantly to the AE monitoring of tall building. not only for structural monitoring but
also as a valid instrument for the determination (foreshock/aftershock) of regional seismicity.
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2. Numerical Model of the Bell Tower

In the preliminary phase, the geometric relief preceded the numerical model of the structure; the
survey of the bell tower was carried out with a laser-scanner tool that allows us to obtain the whole
3D geometry and every small detail of the building, totally defining the geometry, both internally
and externally.

Starting from the results of the survey, FEM was implemented with the aid of Midas FX software
(CSP Fea Engineering, Padova, Italy), a three-dimensional geometric modeler completed by the FEM
modulus. Through the CAD (computer-aided drafting) reproduction, the geometric model of the
tower was initially defined, from which, thanks to the software’s auto-meshing function, the FEM
model was obtained. In Figure 3, the model obtained is shown.

Brick masonry

Wood Floor

Vault 4

Vault 3

Vault 2

Vault 1

(b) (c)

Figure 3. The FEM: (a) The bell tower is made with different materials and different building techniques
(sack masonry). (b) Chains have also been inserted within the model in correspondence with the “key
heads” observable from the outside. The loads of the various elements were assessed by multiplying
their thickness by the specific weight of the materials. The different dead loads were associated to the
different levels and structural elements. (c¢) Axonometric cross-section of the tower.

The geometric mesh is made up of 20.954 knots and 21.143 elements, 29 being of the “Truss” type,
162 of the “beam” type, and 20.952 of the ‘plate’ type. In the model, in addition to the external support
walls, the floor elements and the vaulted ceilings were also modelled with flat 3D shell-like elements.
Particular attention was paid to the modelling of the connection between the more ancient part of the
tower (lower part) and the bell cell designed by the architect F. Juvarra, made with different materials
and different shapes, as reported in Figure 3a. In Table 1, the properties of the materials employed
during the simulations were reported. The materials used in the different parts of the model are clearly
represented in Figure 1a,b for each levels of the tower. In particular, the rubble masonry (sack masonry)
is the most used masonry type in the monument. This kind of building method is characterized by
a rough, unhewn building stone set in mortar but not laid in regular courses. It may appear as the
outer surface of a wall or may fill the core of a wall, which is faced with unit masonry such as ashlar or
brick. This is the case of the Turin’s bell tower up to the roof level (about 40 m from the ground)-the
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part corresponding to the stem. On the other hand, the last level of the tower is characterized by brick
masonry from the 18th century, corresponding to the proper bell cell (Table 1, Figures 1b and 2b).
The compressive stress (f;;) of the rubble masonry was assumed to be the middle of that used for brick
masonry. A similar ratio was assumed for the shear stress 7, the elastic modulus E, and the shear
modulus G. For the specific weight (y), the values are almost the same for the two types of masonry
(Table 1).

Table 1. Material properties used in the model.

2 2 2 2
Masonty type fm. [N/em?] Tg.[N/Cm 1 E ['N/mm 1 G [N/mm 1 » [KN/m®]
min — max min — max min — max min — max
Rubble 100 — 182 2-32 690 — 1050 230 - 350 19
Masonry
Brick Masonry 240 - 400 6-9.2 1200 - 1800 400 - 600 18

In addition, thin elements have been inserted (chain) (see Figure 3b), which act as connections
between the two different parts of the tower-the stem and the cell. In this way, the loads of the bell cell
are gradually transferred on the fifteenth-century part of the tower. Chains have also been inserted in
the model in correspondence with the “key heads” observable from the outside; the external ‘keys’ and
the inserted chains can be seen in Figure 3b. It can be observed that some chains do not circumscribe
the tower; this is due to the fact that they have only been inserted in correspondence with the externally
visible “keys.” This operation is therefore in favor of safety, since the chains are certainly less in number
than those actually present in the structure.

Once the model was completed, it was subjected to a global static analysis, in which the loads
were combined according to the fundamental combination (usually used for checks at the ultimate
limit state (SLU)) and according to that characteristic or rare (usually used for checks on the limit state
of exercise (SLE)), and on a linear dynamic analysis or a modal analysis. The first step consists in the
evaluation of the confidence factor (F;) for the reduction of the average resistance of the materials;
this was calculated using the Italian circular no. 26 of December 2, 2010. The calculation of the (F) is
reported in the following equation:

4
Fo=1+ chk —1.24 )
k=1

The difference in the materials as well as the presence of the four intermediate vaults, the
intermediate, and the top roof were taken into consideration. In order to conduct the analysis, it was
necessary to analyze in detail all the loads to which the structure is actually subjected. Among the
vertical loads, we considered the permanent loads and the variable loads (related to the four vaults);
the wooden floor and the top roof were also considered (see Table 2).

Table 2. Vertical Loads.

Element Dead Load [daN] Permanent Load [daN] Variable Load [daN]
Vault 1 54 7.15 5
Vault 2 54 6.24 5
Vault 3 5.4 6.09 5
Vault 4 5.4 5.61 5
Wood floor 0.69 0.00 5
Roof 0.98 0.98 1.23

Finally, the weight of the four bells located in the bell cell was also considered (Table 3).
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Table 3. Diameter and loads of the bells.

Diameter [mm] Load [daN]
1410 2625.0
1100 1449.0
1000 997.5
800 609.0

As far as the horizontal actions are concerned, the values of the seismic action and the pressure
exerted by the wind on the tower were evaluated and implanted in the model. The weights of the
various elements were assessed by multiplying their thickness by the specific weight of the materials,
and in the case of the masonry vaults, taking into account a thickness equal to 30 cm and the specific
weight equal to 18 kN/m?, a dead load of 5.0 daN in assumed. For the timber floor a thickness equal to
12 cm and a specific weight equal to 5.75 kN/mc is considered (Figure 3¢,d). The vaults were considered
susceptible to crowding, and therefore, an accidental load of 5 kN/m? is assumed. As for the roof
and the facades, snow, wind, and seismic loads were considered according to the Italian rules for the
evaluation of these kind of actions. Figure 4 shows a detail of the area where the highest vertical
tension values were found; the value at the base of the tower stress value obtained is about 0.95 MPa.
In addition, the calculation of the compression stress at the base of the tower can be carried out with
a rough approximation: o = N/A= 66526/63.15 = 1.05 MPa. The stress value at the base of the tower
obtained from the FEM model was compared with the results obtained [5-10] for different masonry
towers and tall buildings. In particular, the values obtained for the tower are similar to that showed in
the trend of vertical tensions as the reported heights of the towers [9].

T Sineo Tower

o Astesiano Tower
W Eonino Tower
+ BEITWHT

> Town/towers

& Home towers

O Townbwall towers

@ Bell Tower of Turin Cathedral

Figure 4. Compressive stress o for different ancient tall masonry towers in Italy [22]. The maximum
stress is reported as a function of the ratio between the height and the maximum depth of the bearing
wall of the structure.

In term of comparison to the real scenario, and in order to validate the results of the implemented
model, the value of the maximum compressive stress obtained by the simulations at the base of the
tower was compared to the values reported in the literature for similar Italian ancient masonry towers,
characterized by similar base vs. height ratio, constructive techniques and elastic properties of the
constituting materials [22]. In particular, in Figure 4, the stress value obtained at the base of the tower
by the simulations (0.95 MPa) were put in the graph where the compressive stress at ground level of
similar monuments were reported. The value obtained are perfectly in agreement with the others and
can be considered well validated.
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The results of the static analysis are reported in Figure 5. The value of the compressive stress, as
reported previously, was equal to 0.95 MPa at the base of the tower. On the other hand, in a localized
portion of the structure, related to the opening disposition, the compressive stress reached higher
values up to 1.4 MPa. These values were observed particularly on the south facade of the tower,
between the second and the third level.

midas Gen
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0.00000e+000
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Figure 5. Portion of the structures were the maximum compressive stress was localized. The compressive
stress value at the base of the tower is 0.95 MPa.

This evidence, together with the evaluation of the cracking pattern, were useful for the definition
of the AE device application. The analyses carried out by the model proved particularly useful
for the realization of the AE monitoring. The previous realization of numerical models helps us to
correctly understand where the AE sensors must be focused. As reported in recent works [6-10], the
AE monitoring cannot take under a control of a very large extension in term of the volume of the
structure constituting the monitored building, especially in the case where the structure was built
from sack and rubble masonry. The AE signal transmission, in fact, is connected to the degree of
disorder of the propagating medium—the greater the level of the disorder, the higher the amount of
the reflected/refracted part of the signal [9]. In agreement with this evidence, the numerical model was
fundamental in circumscribing the area of the structure where the AE monitoring should be applied. In
particular, the highest stress levels found in the model were localized at the base of the tower between
the second and third levels, allowing us to select this part and also the correspondent side of the
building as the most suitable places for the AE analysis.

In order to further validate the numerical model, the results of the modal analysis are shown in
Figure 6, and the first three vibrating modes were investigated and reported. It can be observed that the
first and second modes are flexional, characterized mainly by displacements in x and y directions, while
the third is torsional. In Tables 4 and 5, the results of eigenvalue analysis and the masses participating
in the individual modes were reported. In the last table, the values of the predominant masses of the



Appl. Sci. 2020, 10, 3931 8 of 23

first three vibrating modes have been highlighted. The period T related to the first vibrating mode was
also calculated analytically and reported in the following Equation:

2
=2 2 Y 60 s k)
18752 p \ Eg

(a) (b) (c)

Figure 6. Representation of the modal analysis: (a,b) The two modes of the tower in the y and the x
directions, represented by flexural modalities, (c) The third mode showing a torsional modality.

Table 4. Eigenvalue analysis.

Frequency Period
Mode n [rad/s] [eycle/s] [s]
1 2.5300 0.4027 2.4835
2 2.5687 0.4088 2.4460
3 10.208 1.6247 0.6155
Table 5. Participating modal masses.
Tran-X Tran-Y Tran-Z Rotn-X Rotn-Y Rotn-Z
Mode n
Mass (%) Mass (%) Mass (%) Mass (%) Mass (%) Mass (%)
1 31.452 25.482 0 18.006 22.289 0.001
2 25.427 31.456 0 22.288 18.054 0.001
3 15.108 0.220 0 0.187 12.861 19.762

In Equation (2), H is the height of the tower, p is the radius of inertia, y is the specific
weight of the masonry (expressed in kg/m?), E is the elastic modulus of the masonry, and g is
the gravitational acceleration.

3. Materials and Methods

The increased necessity for continuous survey of infrastructures, ancient buildings, and monuments
requires wireless transmission and processing of large amounts of data, thus allowing remote and
real-time monitoring to point out the presence of evolving structural damage processes. To this
purpose, the cooperation between the AE research unit of the Politecnico di Torino and the Italian
company Lunitek SRL (Sarzana-Italy) produced the AEmission® system for structural and seismic
monitoring, based on AE data acquisition and transmission [23]. An array of eight piezoelectric (PZT)
transducers is connected to this multi-channel system (each channel with a devoted memory of 64 Mb),
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which automatically stores and processes significant parameters of each detected signal waveform
(the cumulated number of events, duration, peak amplitude, and ring-down counts), allowing in situ
damage localization and quantification from the recorded parameters.

Processed data are periodically sent via GPRS/UMTS system to a remote server, making the
continuous and simultaneous monitoring of individual structural elements or entire structures possible.
In addition, taking into account the observed correlation between regional seismic activity and the AE
activity detected during structural monitoring [8], this monitoring system would be helpful to preserve
civil structures, infrastructures, and architectural heritage located in seismic areas [13].

Each channel consists of an analog-to-digital converter (ADC) module with a sampling rate of 10
mega-samples per second, which is adequate to measure frequency components up to 1 MHz, covering
satisfactorily the typical frequency range of broadband PZT transducers. However, in the present
application, the use of highly sensitive resonant transducers (with resonant frequency of 63 kHz)
appeared more appropriate. During AE monitoring, the typical frequencies of signals emitted from
micro-cracks and sources, generated in materials such as concrete and masonry, range between 50 kHz
and 250 kHz. The sampling rate of the AE device (10 Ms/s) is between 200 and 50 times the AE signal
frequency correlated to the damage evolution. In Figure 7, a typical AE signal is reported. The AE
equipment used in the present paper allowed us to set the appropriate threshold value due to the
monitored structure and the environmental conditions. As regards the amplitudes, the instrumentation
used permitted the determination of two different modalities in the definition of the threshold values,
beyond which the signal is effectively recognized and recorded (see Fig. 7a). The signal threshold value
is normally defined in a range from 50 1V to 100 mV. The great variability on the thresholds that can be
set by the AEMission device allowed for the definition of the most appropriate one for each sensor
set, based on the condition in which the monitoring is operating [6-10,20]. The background noise, in
fact, can be generated in different sources and external conditions. The causes of the noises can be
mechanical, electromagnetic, or generated by human action or environmental conditions. Generally,
there is a tendency to maintain a low threshold level in order to avoid in the cutting of a large amount of
significant data. In this way, it will be possible to subsequently filter the data during the post-processing
phase. On the other hand, the preset thresholds for the acquisition must be high enough to avoid
saturation of the acquisition memories due to the effect of repetitive signals and due to the background
noise. The threshold methods used in the various cases were implemented in the software of the device
used and reported by the authors in recent publications [20].

The AE equipment automatically performs different kinds of analyses. The first parameter
is represented by the cumulative number of AE signals N, detected during the monitoring time.
In addition, the time dependence of the structural damage observed during the monitoring period,
identified by parameter 1, can also be correlated to the rate of propagation of the micro-cracks. If we
express the ratio of the cumulative number of AE counts recorded during the monitoring process, N,
to the number obtained at the end of the observation period, Ny, as a function of time, t, we get the
damage versus time dependence [6-10,24-26]:

Bt
E N t
15 n i) o

where E and E; represented the energy dissipation during micro-crack propagation in general and
with respect to the monitoring time. By working out the §; exponent from the data obtained during the
observation period, we can make a prediction regarding the structural stability conditions.
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Figure 7. AE signal and AE results of the tower: (a) Typical received signal in the time domain during
the acoustic emission (AE) monitoring. The AE equipment used in the present paper allow to set
the appropriate threshold value due to the monitored structure and the environmental conditions.
(b) Cumulative number of AE and AE count per day during the monitoring time. (c) b-value diagram
representing the evolution of the damage, f; trend evolution during time.

Damage assessment in the structure may be also investigated by the statistical distribution of the
AE signal magnitudes fitted by the Gutenberg—Richter (GR) law. The b-value is usually computed



Appl. Sci. 2020, 10,3931 110f23

using the cumulative frequency magnitude distribution data and applying the GR law. By analogy
with seismic phenomena, in the AE technique, the magnitude may be defined as follows [17]:

m = Log10A max + f(7), 4)

where Aqx is the amplitude of the signal expressed in uV and f(r) is a correction coefficient whereby
the signal amplitude is taken to be a decreasing function of the distance r between the source and the
AE sensor. According to Gutenberg—Richter’s empirical law [17],

Logion(=m) = a—bm )

that can be re-written as:
n(=m) =10 7o, (6)

where 7 is the cumulative number of earthquakes (AE events) with magnitude > m in a given area and
a within specific time range, whilst 4 and b are positive constants varying from a region to another
and from a time interval to another. The damage evolution in the masonry structure of the tower is
described by the evaluation of the cumulative number of AE and by different parameters able to predict
the time dependence of damage, including the b-value [6-10,13,14]. In particular, since environmental
disturbances have been minimized and instrumental noises have been filtered out, the b-value analysis
showed a downward trend to values compatible with the growth of localized macro-cracks in the
south side of the tower. The analysis denounced the presence of a damage processes mainly localized
at the base of the monitored structure between levels 2 and 3. The extension of the monitoring periods
and the investigation of different segments are strongly recommended to assess the stability of the
monument [24-26].

The analysis of the b-value has been widely used for the application of AE analysis. In particular,
during the last few decades, very important results were achieved for concrete structures using b-value
and improved b-value by Shiotani et al. [27,28]. In present paper, in order to carry out an accurate
study, the disturbances of the environment and the noise filters of the instrumentation have been
optimized. In particular, a filtering on amplitude signal levels and frequency values is adopted for
the AE time series. The b-value trend was obtained working on time windows containing at least 100
AE. Signals with repetitive frequency values or too far from the typical range proper of the frequency
of the damage source generation in these types of materials have been discarded. In particular, it is
interesting to note that the b-value showed a decreasing trend that is compatible with the growth
of macro-cracks localized in the south side of the tower between the second and the third level, in
correspondence of the portion of the monitored structure. After 12 monitoring days, the b-value trend
entered the 1.5 < b-value > 1.0 phase, corresponding to a critical condition (Figure 7c).

In this phase, the localized point started to be found by the triangulation procedure as stated in the
following. After 21 monitoring days, the trend approached the local collapse condition 1.0 < b-value
(Figure 7c). This phase was correlated with the intensification of the localized point of the damage
sources (Figure 8), in correspondence of the evolution of active cracks (Figure 8a,b). Furthermore, as
reported in Figure 7c, the growth of the §; toward values higher than 1.0 in correspondence with the
decrease in the b-value highlighted the instability of the crack growth process. As mentioned before, the
localization procedure was employed to evaluate the source damage position and the diffusion of the
cracking pattern. Localization is one of the most used analysis in AE monitoring. The AE localization
technique has been widely applied in laboratory and in situ tests, as well as, has been performed with
different methods in order to improve the results accuracy [29-41]. In this second stage (low b-value
and higher g4,) in fact, the formation of micro-cracks in a 3D space is analyzed, and the triangulation
technique was applied to signals recorded by at least five sensors falling into time intervals sufficiently
small (50 pus). Thus, with this procedure, it is possible to define both the position of the micro-cracks in
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the volume and the speed of longitudinal P-waves transmission in the medium. Having denoted with
ti the arrival time at a sensor Si of an AE event generated at point S and at time 0’

S = Sil = [(x = x)* + (y = yi)? + (2 = z)*]"2 @)

the distance between Si and source S, in Cartesian coordinates, and assuming the material to be
homogenous, the path of the signal is given by |S — Si| = v(ti — t0). If the same event is observed from
another sensor Sj at time #j: |S — Sj| — |S — Si| = v(ti — t0). Assuming the arrival times of the signals
and the positions of the two sensors to be known, the last is an equation with four unknowns—x, y, z,
and v. Hence, the problem of the localization of S is determined if it is possible to write a sufficient
number of equations of that type, i.e., when the same AE event is identified by at least five sensors. If
this did not occur, it would be necessary to adopt simplifying assumptions to reduce the degrees of
freedom of the problem, such as, for instance, imposing the speed of transmission of the signals or
having the AE source lie on predetermined plane. For the analysis carried out in the present research,
three-dimensional localizations with at least five sensors were performed. In particular, Figure 8a and
Table 6 indicate the position where the sensors were applied, (Figure 8b) the result of the localization
with the source points projected on the surface of the facade, (Figure 8c) the relationship with the main
results of the numerical model, and (Figure 8d) the detection of damage together with the crack pattern
on the same portion of the structure. The localization procedure is based on the principles recently
reported by the same authors concerning the signal accuracy [20]. Finally, according to the steps
described in the previous section, the sources of AE events were localized. The localized points have
been indicated with black points, for a total of 62 AE sources. In the figure, three circles are reported in
correspondence to the center of the AE source clusters. Two levels of cluster are reported with circle
radii proportional to the number of AE source inside the areas (see Figure 8b). In Figure 8d, the map
of surface erosions, masonry gaps, surface damage, and cracks was reported. The AE localization
allowed us to identify the portions of the masonry where active and growing cracks were concentrated
(Figure 8b). These areas are also those where the highest values in compressive stresses were observed
through the numerical model during the static calculus (Figure 8c).

30 AE
sources

.’ i A
| [
.\ . . l.
15 AE
u sources

Figure 8. Cont.
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Figure 8. AE localization results. In (a), the portion of the masonry structure where the AE sensors were
positioned. The localized points have been indicated with black points, for a total of 62 AE sources (b).
Three circles are reported in correspondence to the center of AE source clusters. Two levels of cluster
are reported with circle radius proportional to the number of AE source inside the areas. (c) The results
of the numerical analysis reported the portion of the structure with higher compressive stress. (d) The
same area is reported considering the crack position the erosion areas and the damaged surfaces.

Table 6. Sensor positions on the south tower fagade.

Sensor n Coordinate x [cm] Coordinate y [cm] Coordinate z [cm]
1 21.51 123.5 15.00
2 59.15 111.05 0.00
3 10.208 83.63 0.00
4 105.53 81.50 0.00
5 133.15 7.50 0.00
6 51.50 22.01 0.00
7 26.00 15.82 15.00
8 72.20 71.48 0.00

The second part of the Bell Tower subjected to the AE monitoring is the timber structure sustaining
the bells, positioned inside the bell cell at the top of the tower (see Figure 9). In this case, the wooden
structure supporting the bells was monitored with an eight-channel acoustic emission data acquisition
system to evaluate the evolution of the cracking pattern evolution over the monitoring time (see Table 7
for the sensor positioning). The sensors were positioned in the wood frame sustaining the heaviest
bells, as shown in Figure 8. The structure was monitored for a period of time equal to one month; in
particular, the monitoring was carried out from 8 August to 8 September 2019.
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(b)

Figure 9. Timber structure positioned inside the bell cell at the top of the tower: (a) Plan of the cell where
the timber frame layout is reported. The monitored portion is localized. (b) AE sensors disposition on

the wood frame.

Table 7. Sensor positions on the wood frame sustaining the bells.

Sensor n Coordinate x [cm] Coordinate y [cm] Coordinate z [cm]
1 48.15 22.50 0.00
2 18.51 7.50 0.00
3 73.26 11.00 0.00
4 31.29 0.00 -7.00
5 80.14 29.89 -7.00
6 26.50 19.90 -15.00
7 43.69 04.00 -15.00
8 76.70 18.90 -15.00

The analysis of the data extracted from the AE device followed similar steps previously observed
for the monitoring of the masonry structure of the Bell Tower (see Figure 10). Figure 10a shows the AE
cumulative number recorded during the monitoring period and the number of EA events for each day
for the timber frame. The b-value trend was obtained working on time windows containing at least 100
AE. As observed in the case of the masonry structure, the b-value assumed numbers greater than 1.5, in
correspondence with the first monitoring phase (first 10 monitoring days). After 11 days, the analysis
results entered the critical band 1.5 < b-value > 1.0 (Figure 10b). In addition, as seen in Figure 10c,
the B; exponent showed an evident growth after 17 monitoring days. This increment is not perfectly

correlated with the b-value decrease, but the two phases can be considered just in correspondence.
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Figure 10. Timber frame of the cell: (a) Cumulative number of AE and AE count per day during the
monitoring time. (b) b-value diagram representing the evolution of the damage. (c) f; trend evolution.

Finally, the sources of AE events were localized. The position of the sensors and the localized
sources are shown in Figure 11a,b. The localized points have been indicated with black points, for a
total of 24 AE sources. In this Figure, two circles are reported in correspondence to the barycenter of
AE source clusters. Two levels of cluster are reported with circle radii proportional to the number of
AE source inside the areas. The results of the AE localization, together with the b-value trend, made it
possible to identify the column-beam joint and the portion of the beam close to the pin of the big bell
as a portion of the wood frame affected by crack formation and damage growth.
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Figure 11. AE localization results. In figure (a) and (b), the portion of the wooden frame where the AE
sensors were positioned is showed, (c) The localized points have been indicated with black points, for a
total of 24 AE sources.

4. Correlation between the Structural Monitoring and the Seismic Activity

A recently published research article analyzed different seismic sequences and proposed a
methodology to establish if a series of earthquake events is related to a succession (aftershocks), or if
it is belonging to events of a preliminary phase before a main event (foreshock) [21]. The parameter
used for this real-time discrimination between foreshock and aftershock phases, reported in the
original paper, is the behavior of the average value calculated on the b-value of the seismic time
series [21]. The study of the seismic sequences was applied principally to the Amatrice and the
Norcia earthquake activity in 2016 [21]. It was possible to observe how the average value undergoes a
growth, approximately equal to 20%, following a “main event.” On the contrary, in the time window
between events of similar intensity, an evident reduction in the average value of the b-value is observed
(foreshock), which therefore contributes to find a forecast parameter with respect to a very probable new
main event [21]. Based on the approach described above, similar results were obtained in the b-values
trends computed by the seismic events recorded in the area near to the monitoring site (Turin) in a
circular portion of territory with radius = 100 km around the tower. In addition, a correlation between
the AE and the seismic data were found based on the theoretical and experimental observations
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recently reported in some works dedicated to AE monitoring of monumental structures in seismic
active regions [18]. First of all, since the monitored structure falls in an area characterized by less
seismic activity, the trend of the b-value of the seismic events was studied in order to verify that, even on
sequences characterized by lower magnitudes, the behavior observed by Guglia and Weimer (2019) [21]
can be used also in this case to distinguish between the “foreshocks” and “aftershocks” phases.

Therefore, the earthquakes occurred in an area surrounding the bell tower of the Cathedral of Turin
were considered in a six-month time window. The events selected are those that occurred between 15
March and 14 September 2018; the monitoring performed by the AE technique on the structures of
the Cathedral is located in the final part of the time window here considered. The reference events
evaluated in the period have the following characteristics m; (local magnitude): 2.2 occurred on 12
April 2018 with the epicenter in Massello, a region far from Turin about 86 km, and m: 3.1 occurred on
5 June 2018, with the epicenter localized between Italy and France (about 90 km from Turin). The results
confirmed (for time series with a lower range in the magnitude levels) the evidence reported by Gulia
and Wiemer (2019) [21]. In particular, in Figure 12, the trend of the b-value is reported together with
the local magnitude of the seismic events considered. The average value of the b-values before the
event considered as the “anticipator” is equal to 0.95, following the seismic event with m: 2.2, there
is an evident reduction in the average value. The average b-value number decreased of about 15%
down to 0.82. Following the main event (my: 3.1), which occurred about 50 days after the reduction of
the average b-value, an increase of 30% was recorded, and the average b-value was equal to 1.12. The
evidence reported in Figure 12 represented a good confirmation that the procedure recently proposed
for regions characterized by an intense earthquake activity (high magnitude levels) can be successfully
used also for region where the seismic level is lower (Piedmont, northwest of Italy).
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Figure 12. The average b-values before the “anticipator” event (12 April 2018) is equal to 0.95. After this,
an evident reduction in the average value equal to 15% is observed (average b-value = 0.82). The main
event occurred about 50 days after (5 June 2018). After the m1;: 3.1, no event with greater magnitude
were registered for three months.

In order to verify the hypotheses presented by the authors in the correlation between AE and
seismic data, the historical time series of the seismic data were reported for two time windows
containing the periods of the AE monitoring, performed on the tower structure and then in the timber
structure positioned in the bell cell. The data related to the seismic time series were assessed and
obtained from the Italian National Institute of Geology and Volcanology (INGV) that reported all
the seismic events recorded by the National Seismic Network (http://terremoti.ingv.it/instruments).
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The following reduction of the local magnitudes based on the distance between the monitored site and
the epicenter according to the following report is assumed:

d
m; = (1 - —)mL (8)
where m* is the reduced local magnitude; my, is the actual local magnitude and d is the distance,

measured in km, between the epicenter and the Bell Tower of the Turin Cathedral. In Figure 13 the two
seismic time series were represented together with the variations of the average b-values.
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Figure 13. The seismic time series are represented together with the variations of the AE average
b-values detected on the structures of the tower: (a,b) b-value time series considering the seismic
activity along 40-day time windows. In both the two cases the average b-values demonstrated an
evident reduction in correspondence of foreshocks periods between the anticipating and the main
event. (c,d) At the same time, the b-value time series have been computed for AE data and correlated
to the seismic activity for a period of 25 days contained in the previous larger time intervals.

These variations trends resulted particularly evident for both the two considered periods (10 May
2018-30 June 2018 and 1 August 2019-25 September 2019). For each period, two couples of events
were recognized, each of them formed by one anticipant and one main event (the anticipant and the
main events are distinguished by stars on the x-axis of the graph). The average values of the b-value
before the anticipating events are 1.34 and 2.01 for the two periods, respectively (see Figure 13a,b).
The reduced local magnitudes for the two anticipants are m;* = 1.5 (1 June 2018, Inverso Pinasca,
44°57" N 7°13’ E, near Turin); and mp* = 1.0 (24 August 2019, Torre Pellice, 44°49’ N 7°14’ E). After
these two events two phases, the first of about seven days and the second of about eight days with
average b-values of 0.58 and 1.85 were observed for the two time windows. After these intervals, the
expected seismic main events mp* = 2.3 and m* = 1.9 took place (Figure 13a,b). These two events
were both anticipated by the previously mentioned series where the average b-values encountered
reductions of 56% and 8%. After the occurrence of the two events recognized as main events, the
b-values trends returned to grow significantly—the average b-values were 1.22 for the first time window
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and even 2.82 for the second (Figure 13a,b). The evidence here reported is useful to understand that
the discrimination criterion reported by Guglia and Weimer (2019) [21] can be applied to seismic series
with reduced magnitude values (0.5 < m, < 3) and also in the case of rescaled values that follow the
reduction rule reported in Equation (8).

Similar considerations can be proposed in the case of AEs. Furthermore, the possibility to evaluate
a close correlation between the regional seismic activity and the AE monitoring results was recently
presented [18]. First of all, the AE data series were acquired for the two periods considered above, and
the verification, if the couples of events previously recognized were in the AE monitoring intervals,
was done. At this point, we proceeded to remove from the AE data series all signals used to determine
the sources of damage through the AE localization. In this way, all the AE data directly related to
the structural damage of the masonry and the wood structures were excluded from the AE time
series used to evaluate the correlation between AE and seismic activity. In order to verify the original
hypotheses, the historical time series of the AE data were reported for two 25-day intervals contained
in the two time windows presented. In Figure 13, the seismic time series are represented together
with the variations of the AE average b-values detected on the structures of the tower. In this case,
the variations trends resulted particularly evident for both the two considered periods. The average
values of the AE b-value before the anticipant events are 1.05 and 1.42 for the two anticipating intervals,
respectively (see Figure 13c,d). After the two anticipating events, average AE b-values of 0.79 and
1.18 were observed for the two intervals before m;* = 2.3 and m;* = 1.9, respectively (Figure 13c,d).
These two events were both anticipated by the previously mentioned series where the average b-values
encountered reductions of 24% and 25%. After the occurrence of the two events recognized as main
events, the b-values trends returned to grow significantly—the average b-values were 0.90 for the
first time window and even 2.08 for the second (Figure 13c,d). The evidence here reported are very
important and denounced the possibility of using the AE average b-values to offer a discrimination of
the foreshock and aftershock period in a region affected by seismic activity.

5. Conclusions

This paper presents the representative case study of the monitoring of the Turin Cathedral bell
tower. First of all, the damage evolution in a portion of the external bearing walls is described by
the evaluation of the cumulative number of AE and by different parameters able to predict the time
dependence of the damage. In particular, the b-value analysis showed a decreasing trend down
to values in the critical phase well-matching with the growth of the localized macro-cracks in the
masonry portion near to the base of the tower. The AE results were found in good agreement with
the numerical simulations implemented by Midas software (CSP Fea Engineering, Padova, Italy).
To obtain an improvement in the AE data analysis, signals with repetitive frequency or with values
too distant from the typical range of the damage source generation in these types of materials were
discarded. Furthermore, the growth of the ; toward values higher than 1.0 evidenced the instability of
the damage process.

The results of the localized procedure were detected just at the end of the monitoring and in
correspondence of the critical values of b-value and p;. After this first monitoring activity, the AE
cumulative numbers were also detected during the monitoring of the wood frame sustaining the tower
bells positioned in the ancient cell of the tower. As observed in the case of the masonry structure,
the b-value assumed values greater than 1.5, in correspondence of the first phase. After 11 days, the
analysis results entered the critical band, in correspondence to the localization of the AE sources found
for the wood beam sustaining the heavier bell. For the wood frame monitoring, the ft exponent
showed an evident growth after 17 monitoring days.

The b-value analyses were computed also at the seismic scale. The correlation between the
structural behavior and the seismic activity was studied by comparing the b-value, obtained by AE
signal detection on the structures of the tower, and the regional seismic activity. Concerning the
correlation between the AE monitoring and regional seismic activity, a recent innovative analysis on
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different seismic sequences obtained surprising results. A new methodology able to discriminate
foreshock and aftershocks earthquake time series was proposed. In the present paper, based on this
approach, a correlation was obtained between the b-values computed by the seismic events recorded
in the area near to the monitoring site (Turin), in a circular portion of territory with radius = 100 km
around the tower. The first result of the present research regarded the confirmation that the analysis
proposed by Guglia and Weimer (2019) [21] can be applied in seismic territory characterized by a
low level of seismic magnitudes. The second evidence is related to the AE average b-values. Also, in
this case, these variation trends were particularly evident for the considered periods. The average
values of the AE b-value before the anticipant events are 1.05 and 1.42 for the two anticipating intervals.
respectively. After the two anticipating events, the average AE b-values of 0.79 and 1.18 were observed
for the two intervals before the main events. These two events were both anticipated by the previously
mentioned series where the average b-values encountered reductions of 24% and 25%. The present
study represents the first evidence that the AE average b-value analysis can be used, in addition to a
seismic time series, as a robust parameter to discriminate between foreshock and aftershock intervals.
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