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Abstract. The stability of an arch as a structural elemerthanthermal bath of King Carlo Alberto in the Rb@astle of
Racconigi (on the UNESCO World Heritage List sirk¥97) was assessed by the Acoustic Emission (AR)itoring
technique with application of classical inversioethods to recorded AE data. First, damage souxaitm by means of
triangulation techniques and signal frequency asigywere carried out. Then, the recently introdutethod of natural time
analysis was preliminarily applied to the AE timexiss in order to reveal possible entrance poird twitical state of the
monitored structural element. Finally, possiblduahce of the local seismic and micro-seismic @gtion the stability of
the monitored structure was investigated. The rioiteto select relevant earthquakes was basedeoadtimation of the size
of earthquake preparation zones. The presentettgassiggest the use of AE technique as a tool éealing both ongoing

structural damage processes and micro-seismidtgadivring preparation stages of seismic events.

1 Introduction

Fracture in heterogeneous materials is a complexgienon which involves a wide range of time, spaw: magnitude
scales, from microcracking to earthquake rupturesuding structural failures (Omori, 1894; Richté858; Kanamori and

Anderson, 1975; Aki, 1981). Thus, acoustic emisgidB) monitoring during loading experiments give iasight into the
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evolution of microcrack networks in laboratory expeents and possibly a tool for understanding theuarence of fractures
at larger scales (Mogi, 1962). Since the last degathis approach has provided the opportunityetelbp universal scaling
laws reflecting the scale-invariance and the setilarity of fracture processes from the laborattoythe fault scale in time,
space and magnitude domains (Turcotte, 1997; Bartradt 2001; Bak et al., 2002; Tosi et al., 200drral, 2006; Davidsen
et al., 2007; Kun et al., 2008). These studies Ishbopefully contribute to solving the main probkerof earthquake
prediction and the remaining life assessment aficatral elements. In particular, the latter is ac@l issue for researchers
involved in restoration projects of historic monurteewith damaged and cracked structural elemertigzhwcan benefit
from the use of nondestructive monitoring techngfar the structural integrity assessment (Carpiieteal., 2011; Schiavi
et al., 2011; Lacidogna et al., 2015a). AE monitgyias it provides information on the internal estaf a material without
altering state of conservation of statues, monushand fine artworks, seems to be suitable for kimsl of structural
monitoring.

A relevant case study is here illustrated by thed@migi Castle (origin dating back to the Xl cent), whose original
structure of medieval fortress was transformed dkercenturies into a royal residence, becomingsthghernmost of the
Savoy Residences and one of the most important ments in northwestern Italy. The moment of increaaetivity and
restoration occurred between 1831 and 1848 dutiagréign of Carlo Alberto, who commissioned theeaston of this
residence to Ernesto Melano (1784-1867) and iterd¢ion to Pelagio Pelagi (1775-1860).

The castle, with its bearing walls decorated bysdoes, represents an extraordinary benchmark fordéfinition of
conservation methods exploiting new technologiegcidogna et al., 2011; Niccolini et al. 2014). Thaper presents the
results of AE monitoring of an arch in the therrhath of King Carlo Alberto, located in the groumalof of the Racconigi
Castle, as a part of the complex planned by Pelaghe Roman style and inspired by the "balneahefPompeian villas.
The wing of the castle containing this room is euatly being restored.

On the other hand, besides the disruptive powetrohg earthquakes, Italian historic buildings amshuments suffer the
action of small and intermediate earthquakes wiaffeets, though not immediately or clearly visibéwentually result in
increased vulnerability to stronger earthquake$ witastrophic human and economic costs. In thimdwork, over the
recent years there has been an increasing intereSE monitoring related to environmental phenome8averal case
histories in the Italian territory and previousdias support the hypothesis that an increased Atdtganay be signature of
crustal stresses redistribution in a large zonénduthe preparation of a seismic event (Gregoadlgt2004; Gregori et al.,
2005; Carpinteri et al., 2007; Niccolini et al.,120. According to previous research studies peréafimy Dobrovolsky et al.
(Dobrovolsky et al., 1979), it can be assumed thatpreparation zone is a circle with the centréhim epicenter of the
impending earthquake. The radiusf the circle, called ‘strain radius’, is given the relationship = 1¢***%¢ wherem
is the earthquake magnitude anid expressed in km. All the seismic precursorsluing AE, are expected to fall into this

circle.
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2 Experimental results

Damage assessment in an arch of castle’s therrtfal(Bay. 1) has been carried out by the AE techajas a first step to
plan possible restoration interventions. Amongsailictural elements, arches and vaults made okstorbrick, be they
bearing or not, are the most prone to degradatidnstress caused by seismic events, changes myda#ids and foundation
sinking, which cause the structure to lose itsinabmechanical properties. Because these eleraeatsf great historic and
architectural value, they need to be consolidate@ inon-invasive, compatible and consistent way wégard to their
special features. The examined architectural eléncemnrently supported by a steel frame structusea masonry arch with
a span of 4 meters exhibiting a relevant craclepatfThe propagation of one visible macrocrackbeen investigated by an
array of eight broad-band piezoelectric transduexsking in the range 10 kHz — 1 MHz) fixed on thech surface as
shown in Fig.2. The AE transducers have been cdaeddo a 8-channel acquisition system AEmission@ctviimplements
algorithms for automatic analysis of AE signal paegers, i.e., arrival time (determined with accyrat0.2 us), duration,
amplitude and counts number (total number of sighetshold crossings). The stored AE parametersbeamvireless

transmitted to a receiver allowing long-distanama& and real-time monitoring.
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Fig. 1: Axonometric view of the Castle in the contaporary configuration (a); plan of the first floor: localization of
the monitored bearing structure inside the thermalbath (b).
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(c
Fig. 2: The monitored arch (a) anc? the transducergositions (b) and (c)

Before starting the monitoring, the background edias been checked for a representative periodef t.e. 24 hours, in
order to determine the level of spurious signatasl after identifying a signal detection threshoid..5 mV, a one-month
monitoring period started. In order to suppressids voltage spikes, acquired AE signals with dara< 3pus and counts
number < 3 have been filtered out. The spatial tiieation of arch’s damaged zones has been pe#ddriny applying
triangulation equations to the received AE sigrialsrder to localize the AE sources as active amgbggating crack tips
(Shah and Li, 1994; Shiotani et al., 1994; Grodsd.e1997; Guarino et al., 1998; Ohtsu et al98,Colombo et al. 2003;
Turcotte et al., 2003; Aggelis et al., 2013).
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The 3D diagrams shown in Fig. 3 suggest that tiob axperiences damage on one side, despite thefusénforcing
elements. Since all possible noisy signals in teguency and amplitude range of measurement haam inénimized, the
burst of AE activity, marked by a vertical dashiee lin the top diagram of Fig. 4can be reasonably correlated with sudden

increase in damage accumulation.

(k) (c)

Figure 3: 3-D map showing the positions of transdwrs (blue squares) and localized AE sources (red @j: front (a),
upper (b) and side view (c).
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Figure 4: From top to bottom: accumulated number ofAE signals (“hits”): the dashed line indicates a Gtical point
revealed by the natural time analysis; AE count ra¢ and sequence of nearby earthquakes marked by radangles

(the arrow points the strongest one); time seriesf@ignal frequencies and amplitudes.

3 Frequency and natural time analysis of AE time gées and correlation with nearby seismicity

In the frame of critical phenomena (Bak et al., 4;98tanley, 1999), the fracture process is viewea aritical state of a
dynamical system and the problem of early detectibfracture precursors in structural elements glbefore the final
collapse is transformed in the investigation ofdatbrs revealing the entrance to a “critical State

Recently, a worth of mentioning approach to idgntihen a complex system enters a critical statebe@sn developed,
based on the time-series analysisNoévents read in a new time domain, termed natimad 3 (Varotsos et al., 2001,
Varotsos et al., 2011a; Varotsos et al., 2011bptsass et al., 2013), where the time stamping isrigth and only the natural

time, yx = k/IN, as a normalized order of occurrence of kit event, and the enerdy, are preserved. In natural time
6
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analysis the evolution of the paijr( Q) is considered, by introducing the normalized poggectrumil(w) = [®(w)f,
defined by®(w) = Zi-." p« explwk), wherew stands for the angular natural frequency apd Q. / Zi-," Qi is the
normalized energy of tHeth event. It was found that all the moments ofdistribution of thep, can be estimated from the
Taylor expansioil(w) = 1 —x; w® + k, ©* +..., where the values of the coefficient which is just the variance of natural
timey, i.e.,k1 = Tt P — Ciet Pex)? = <42 > — <y > are useful in identifying the approach of a dyiwisystem to
a critical state. The varianage varies when a new AE event (“hit”) occurs, @as ) are rescaled as natural tipechanges
from k/N to k/(N +1) andp, changes t®), / %i-," *'Q. Thus, the evolution hit by hit af, is shown along with that of the
entropyS, which in the natural time domain is definedSas <y Iny > — <y >In <y >, where < Iny > =Z.1" p N e

It has been successfully shown for a variety ofagigital systems that entering the critical statauccavhen the variancg
converges to 0.07 (Varotsos et al., 2001; Varots@s., 2011a; Varotsos et al., 2011b), even lifemtetical derivation of the
general validity of thec; = 0.07 condition for criticality still remains aspen issue. Two criteria have been defined to
identify the entrance of a system to true critist@@te (Varotsos et al., 2008): 1) the parametenust approach the value
0.07 “by descending from above”; 2) the entr&snust be lower than the entropy of uniform no§ez 0.0966, whemr;
coincides to 0.07.

Here, the damage evolution of a structural elenenhvestigated by analyzing the AE time seriemgdiwo different
methods and comparing the results. First, the ¢oolwf variancex; and entropys of the natural-time transformed time
series {y } is studied, where the ener@y, associated with the AE event amplitubleis given byQ, = A®, similarly to
seismology (Kanamori and Anderson, 1975; Turcdi®97). The second method used is the analysisalfieg AE signal
frequencies over the monitoring time (Gregori et2004; Gregori et al., 2005; Schiavi et al., 2011

First, the evolution of natural time varianegand entropys as functions of the accumulated numbleof hits, i.e., as they
change with the addition of every new hit, is @dtin Fig. 5. Thus, it is possible to easily revibal possible entrance point
to “critical state”, corresponding to the fulfillmeof criticality conditions 1) and 2) (Vallianates al., 2013; Hloupis et al.,
2015; Hloupis et al., 2016). It is worth noting tthize criticality initiation point (marked with aevtical line at theN = 104 hit
number in Fig. 5) corresponds exactly to the abjupip in the AE rate highlighted in Fig. 4 and amting to about 100
hits. This result, though obtained from a relatpveinall data sample, apparently confirms the potenfithe AE natural
time analysis to reveal the onset of criticalityfiacture systems.

Second, the AE signal frequency analysis has beselated with the nearby seismicity within a radaf 100 km from the
monitoring site (see Fig. 4 with the earthquakeetgeries marked by red triangles). In particutanas been found that AE
activity vanishes at the end of a seismic sequentreinating in a 3.0-magnitude earthquake (poirdgdhe black arrow),
suggesting that part of the detected AE activityghhibe rather due to diffused microseismic actividyling in the
preparation zone of the considered earthquakear(stadius > epicentral distance from the monitorsitg) according to the

criterion proposed by Dobrovolsky et al. (1979)x(3able 1 and Fig. 6).
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Figure 5: Evolution of natural time quantities x; (blue line) and S (red line) as function of accumulated AE hit
number N. The horizontal dashed line indicates the value x; = 0 0.07, while the vertical line indicates the

corresponding criticality initiation hit ( N = 104). The upper dash-dot line indicates the erapy limit S, = 0.0966.

Time Origin Time Lat Long Depth Dist. Magnitude Radius
(UTC) Delta(h) (deg) (deg) (km) (km) (km)

2015-12-10 -22.46 44561 7.161 11.2 46.8 1.9 26.5

16:31:56.990

2015-12-15 102.73 45.087 7.163 7.9 53.6 1.3 14.5

11:21:44.070

2015-12-18 158.6 44549 6.775 5.6 75.3 1.2 13.2

05:36:07.740

2015-12-22 259.68 4493 6.874 104 65.7 1.3 14.5

07:10:41.190

2015-12-23 286.75 44651 6.84 6.8 67.3 2.2 35.7

13:45:30.560

2015-12-28 394.18 4445 7.289 118 46.8 1.9 26.5

8



01:11:29.380

2015-12-31 484.26 44548 6.756 9.1 76.8 2.4 43.6
19:16:48.900

2015-12-31 485.7 44.765 6.76 9.4 71 3.0 79.2
20:42:01.000

2016-01-07 638.68 45.07 6.57 10 93.2 1.3 14.5
05:41:23.000

Table 1: List of nearby earthquakes occurred duringthe AE monitoring; the event with preparation zoneembedding

the monitoring site is written in bold.
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Figure 6: Map showing the epicenter of the magnitud 3 earthquake occurred on 2015-12-31 and the reéat

preparation zone embedding the monitoring site in Bcconigi.
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As cracking is a multi-scale phenomenon in the lEartrust, the frequencies of AE waves related iranseismic activity
are spread over a broad spectrum. At the earkyest of the preparation of a seismic event, mairibro-cracks will be
present and active and therefore high-frequency(MBz), while finally large cracks and lower frequies will prevall,
reaching also the audible field (Hz) during thetlggmake occurrence (Gregori et al., 2004; Gregdoai.e 2005; Carpinteri,
5 2015).
Hence, we have subjected the distribution of the sighal frequencies (calculated by dividing the msunumber to the
signal duration) to a statistical analysis, by itiariing the time window preceding the considerediic event into three
sub-intervals in order to describe the evolutiorihaf frequency distributions over the time. We hakesen the following
sub-intervals: (Oh, 50h); (90h, 190h); (260h, 488haracterized by different stages of the AE aistigeparated by quite
10 long silent periods. The first interval, (Oh-50b@ntains a sudden increase in the AE rate, follolsetivo intervals, (90h,
190h) and (260h-485h), with smoother AE rates. Caning the plots of the corresponding distributiqifsg. 7), a
progressive reduction of the highest frequencies, between 400 and 800 kHz, is observable asdlsnic event was
approached. The reduction is given in percentagaste30%, 22% and 16% of the total amount of sgrial each
distribution. The frequency decay over the time iyes also from the decreasing trend of the didiobs’ mean values,
15 which are 221, 193 and 141 kHz.
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Figure 7: Histograms representing successive statisal distribution of the AE signal frequencies wit bins 20 kHz
wide starting at 10 kHz. The dashed lines represerthe mean value of each distribution: 221, 193 anil41 kHz,

respectively.
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4 Conclusion and prospectives

Structural monitoring based on the AE techniquevedid to point out active microcracks in an archeedcture located in
the Castle of Racconigi. Thus, the 3D localizatdthe ongoing damage process will result in margt and time savings in
case of future maintenance and intervention prograrurthermore, a preliminary investigation of aschritical state
indicators was carried out using the natural timalysis applied to the AE time series. The obtaineglilts apparently
reveal the possibility of capturing the transitiohthis structural element to a critical state thgb the analysis of natural
time statistical parameters, such as the varianead the entrop$.

On the other hand, the experimental evidence stppioe hypothesis that a relevant part of AE atigimerging from the
monitored element may be induced by evolving mee@smicity falling into the preparation zone of alwidentifiable
earthquake according to the Dobrovolsky criterimleed, the relatively small number of inner AE reas localized into
the structure, compared to the total amount ofndmb AE events, is compatible with the existenca stattered source, i.e.,
the crustal trembling.

Finally, AE structural monitoring potentially pralés twofold information in seismic areas: one comiog the structural
damage and the other concerning the microseistiigtgicpropagating across the ground-building fdation interface, for
which the building foundation represents a soréxtended underground probe (Gregori et al., 2004p@i et al., 2005;
Carpinteri et al., 2007). In this sense, structarahitoring in seismic areas could be usefullyged with investigations of

the local earthquake precursors (Niccolini et2015; Lacidogna et al., 2015b).
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