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Abstract

:

Resonance frequencies of a masonry bell tower were estimated by means of ambient noise measurements and compared with those computed by using fixed base, Winkler, and FE numerical, including subsoil. Given the geological complexity that characterizes the subsurface of the analyzed area, despite the presence of massive volcanic outcrops near the bell tower, we carried out a geophysical characterization of the subsoil by using active and passive seismic surveys. These surveys have identified a soft substrate underneath the construction; for this reason, the dynamic identification of the tower was performed, including the interaction with the soil. The resonance frequencies of the masonry bell tower computed by the models are very similar to those obtained using ambient noise. Results suggest that building resonance frequencies, estimated by ambient noise surveys, can be used because of their reliability especially when quick analyses are required at historical buildings located in seismically active areas needing plan actions to reduce their vulnerability. Moreover, such analyses, being performed on samplings acquired within the structure, allow for estimating its dynamic response, taking into account the effect of subsurface characteristics as well.
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1. Introduction


One of the most relevant damage sources for architectural heritage are dynamic loads, such as those generated by earthquakes or vibrations caused by human activities. In particular, in the case of slender masonry buildings, such as bell towers, the evaluation of the dynamic response is a major issue, because of their intrinsic vulnerability to dynamic loads. The knowledge of the dynamic response is the starting point for seismic vulnerability evaluation, vibrational damage prevision, and preliminary effectiveness assessment of maintenance, restoration, and structural upgrade interventions.



Reliable information on the main mechanical and physical parameters of the structure is hard to acquire, particularly for historical and monumental constructions, in which only nondestructive tests can be carried out. Indeed, such buildings are characterized by a superposition of construction phases, whose details can hardly be detected even by accurate inspections. For instance, the mechanical characterization of traditional stone masonry is still an open problem, given the irregularity of the masonry geometry, its strong dependence on the methods adopted for guaranteeing the interconnections between the elements, etc.



Parameter identification by means of a nondestructive technique is a valuable way for calibrating the numerical models used for structural analysis. Among nondestructive methods, experimental dynamic identification of the structure is a helpful tool for obtaining comprehensive information about the mechanical response of historical construction.



Dynamic identification consists in determining modal parameters, i.e., modal frequencies, mode shapes, and modal damping, measuring the response of the structure to a measurable dynamic input (experimental modal analysis, EMA), or to an environmental excitation (operational modal analysis, OMA). In the latter case, velocities or accelerations on a structure subjected to small amplitude excitations are measured in predefined points. The technique is also known as output-only modal analysis because it is based on the dynamic response to unknown stochastic dynamic loads instead of artificial, controlled excitations. The major advantages of OMA techniques are their absolute nondestructiveness, low cost, and simple applicability, thanks to easy handling of the instrumentation. OMA technique can be coupled with procedures based on laser scanning and photogrammetry [1] or parametric scan-to-FEM approaches [2] in order to obtain accurate numerical models. As in most identification procedures, the main limits are the restricted amount of information that can usually be obtained, and the high uncertainty of data. Therefore, the experimentally obtained modal parameters are compared with those determined through numerical models, which are iteratively adjusted to match the measured quantities.



Many studies on dynamic identification of historical masonry towers have been carried out in the last decades [3,4], some of them related to either continuous monitoring [5,6] or the interaction of the structure with the vibrations induced by bell swinging [7,8].



A correct identification of the dynamic parameters of the structure requires, in any case, an accurate knowledge of the geometry of the mass and of the material properties, as well as of the boundary conditions of the analyzed structure. Often fixed boundary conditions are considered; however, for slender masonry towers, this hypothesis can lead to considerable errors. In fact, the effective degree of constraint given by the soil should be considered. For this purpose, one possibility is to include the structure–foundation–soil interaction in the numerical model. The knowledge of the subsoil stratigraphy, as well as the mechanical characterization of the layers, must be obtained through geological and geophysical surveys.



Many authors [9,10,11] proposed comparisons between a fixed base model of bell masonry towers and finite element models (FEM), accounting in a more or less accurate way for the subsoil. In this study, we follow a similar methodology using detailed experimental data for the subsoil and for the tower to validate the comparisons.



Here, a combined dynamic identification procedure, based on ambient noise and standard spectral ratio (SSR), is applied to build a refined FEM of a historical bell tower. Both the superstructure and the soil will be modelled, and the relevance of the combined model in the estimation of the dynamic characteristic of the structure will be discussed by means of a comparison with a fixed base model.



Subsoil can be characterized through both field surveys and geophysical approaches. In the first case, the availability of outcrops in the close proximity of the study area is a useful starting point to build up a geological model. Numerous studies involving numerical models or indirect/remote surveys rely on the preliminary field inspections, especially in the case of rock mass occurrence where the intact rock physical mechanical properties should be known [12,13,14]. On the other hand, the most used indirect techniques for characterizing the subsoil are active seismic surveys (seismic tomography and multichannel analysis of seismic waves, MASW), passive seismic surveys (HVSR) and geoelectrical surveys.



The HVSR method, thanks to its total noninvasiveness and speed of execution, represents one of the most widely used geophysical survey methodologies, especially in urban areas. By recording environmental noise in the three components of ground motion, it is indeed possible to define the resonance frequency and site effects [15]. This investigation technique has already been used in many scientific articles to characterize the subsoil of historical buildings [16,17,18,19,20,21,22,23,24].



It is important to underline that the experimental data have been acquired in a single campaign, using the same experimental apparatus for both the dynamic identification of the structure and HVSR. The proposed technique, therefore, in addition to yielding reliable data, appears practical from an engineering point of view, thanks to its easiness of execution.



The proposed methodology was applied to the case study of the bell tower of the San Giuseppe church located in the city of Aci Castello (Sicily, Italy) (Figure 1a,b). Geomechanical and geophysical surveys were carried out to identify the mechanical and physical properties of the foundation soil. Modal parameters were obtained through ambient noise vibration data and compared with the results of numerical modal analyses of three different FEM models: fixed base structure, structure with Winkler-type foundation soil, and complete FE modeling of the structure and of the layered soil, as experimentally detected.



It will be shown that the fixed basis model can lead to significant errors, even in the presence of rocky sublayers, so that the influence of the soil cannot be neglected. However, the uncertainty related to the characterization of the soil requires supplementing the data obtained from dynamic analyses with further information.



The Case Study: Description of the Bell Tower


The study area is sited in the easternmost part of Aci Castello City (Figure 1a), which is located along the eastern flank of Mount Etna, one of the most relevant volcanoes in the world, today acknowledged as part of the UNESCO World Heritage List, thanks to its exceptional level of volcanic activity, which has been documented for over 2700 years [25]. In this paper, the bell tower of the San Giuseppe church is studied. The peculiarity of this location is the presence of a castle (Figure 1b) standing on a volcanic promontory overlooking the sea, whose origin probably dates back to the Roman period, and that has been rebuilt and restored several times during the history. The Normans built the present construction in the 12th century.



There are no certain data about the history of the San Giuseppe church (Figure 1b); it was probably built in 1748 on a site where, according to some scholars, another ancient church, which collapsed around 1547, previously existed. According to this opinion, the bell tower may belong to a previous constructive phase, with respect to the church, and could have been built before the 16th century [26]. This information is relevant for the characterization of the construction and appears to be confirmed by the architectural features of the tower, such as its bottom battered wall and the lava stone quoins [27]. The in-situ survey confirmed that the walls of the tower are disjointed from those of the church. For this reason, the tower will be considered as a separate structure, and any interaction with the church will be neglected, as a first approximation. This assumption is quite acceptable since only the determination of the modal frequencies of the tower is carried out in the present study. Any constraint conditions between the tower and the church should be evaluated in the case of structural analyses, such as nonlinear seismic analyses.



There are no data on the effects produced by the southeastern Sicilian 1693 earthquake, although it is likely that it was damaged because, as we will describe later in the text, it nearly destroyed Aci Castello.



San Giuseppe is a simple single-nave church, with a crypt of equal dimensions used as a burial place. The tower bell had a tapering pyramidal masonry spire on the top that was demolished in the early 20th century. Now, there is only a simple four-pitched roof with clay tiles on a wooden frame. In the belfry, two bells are hung without damping devices to the abutment of the arches.



Since its construction, the church has undergone several upgrades and preservation interventions, the most recent in 1970 and 1994. The last one was because the church was damaged by the earthquake in southeastern Sicily on 13 December 1990 [28]. Restoration has not transformed the building’s aspect and consisted in quoin and cornice consolidation, crack repair on walls with stone scales, and injection grouting, as well as improvement of the roof and of its drainage system.



The tower is 15.30 m high and has a rectangular plan with sides of 4.90 and 4.00 m at the base of the tapered wall and sides of 4.50 and 3.30 m at the top of the tapered wall (2.30 m). The 4.50 m dimension is reduced to 3.80 m from the base of the bell chamber. The main geometric features of the tower are summarized in Table 1.



The foundation, not inspected, probably merely consists of an extension of the perimeter walls below the ground floor, for a depth of approximately 1.50 m.



Direct inspection of the tower masonry revealed some similarities with the church one. It is mainly characterized by lava rubble with lime and gravel mortar and the addition of lava fragments and clay tiles to guarantee the horizontality of the successive layers (Figure 2). The walls have an average thickness between 0.65 and 0.70 m. A masonry stair, made up of brick steps, is placed within the tower, and it is supported by a rampant vault. A schematic plan of the tower is shown in Section 5.





2. The Study Area


2.1. Geological Setting


The study area is located at the easternmost part of Aci Castello City, in close proximity to the volcanic cliff holding up the village’s castle (Figure 3). From a geological point of view, such promontory represents a peculiarity, because it is among the few spots hosting volcanic outcrops related to the very first stages of Mount Etna formation (about 500,000 years ago), which mainly occurred in a submarine environment, and is formed by subvolcanic basaltic intrusions [29]. The basaltic cliff is surrounded by a prehistoric lava flow. Well-preserved outcrops of such lava flow occur along the coast, where a jointed volcanic rock mass, with a massive vesicular intact rock texture, can be observed. It belongs to the Pietracannone formation, which is representative of a volcanic succession with mineralogical composition ranging from basaltic to benmoreitic. Lavas are aphyric to highly porphyritic in texture, with phenocrysts of plagioclase, pyroxene, and olivine variable in quantity and size [30].




2.2. Seismic History and Seismic Hazard of Aci Castello


A detailed study of the main earthquakes, which affected Aci Castello, has been performed to reconstruct its seismic history. The analysis of the historical reports retrieved from the CFTMed catalogue [28] allowed for delineating the damage scenarios of the most relevant events. In particular, under the 1693 earthquake, only 8 of the 100 houses of the town did not collapse, although 6 of these were significantly damaged, while half of the San Mauro church collapsed [32]. Since the village was almost completely destroyed, it is likely that the San Giuseppe church was damaged as well, also considering that the 1908 and 1990 earthquakes caused damage to the church despite being much weaker than that of 1693. The 1693 earthquake caused 32 victims out of about 330 inhabitants [32]. The 20 February 1818 earthquake caused moderate damage [33,34], while the 1848 and 1990 [28,35] shocks caused slight damage (Table 2) in the city.



The castle was likely damaged in 1169 and in 1329. Destruction or damage was mainly caused by earthquakes occurring along the regional fault systems, whereas earthquakes located in the Etnean area were only slightly felt (Table 2).



The seismic history is not complete due to the very few observed intensity values. Therefore, in order to evaluate the completeness of the site catalogue and to improve its reliability for hazard purposes, calculated site intensities Ical have been obtained using both the parametric Italian catalogue [36] and the cubic attenuation model proposed by Magri et al. [37]. This led us to include in our site catalogue further 30 earthquakes, without historical information, 6 of which with 5–6 ≤ Ical ≤ 6–7 (Figure 4). In the Database of the Italian Catalogue [36], there is no intensity observed for the 1908 earthquake, but from the computed intensity, we obtained Ical = 6–7 compatible with the observed damage at the bell tower.





3. Subsoil Characterization


3.1. Engineering Geological Properties of the Volcanic Bedrock


With the aim of collecting engineering geological data of the volcanic lavas constituting the bedrock of the study area, which outcrops in the close proximity of the church, laboratory tests on intact rock specimens and field rock mass surveys were performed. In the first case, 12 rock specimens underwent a physical-mechanical characterization. Due to the textural heterogeneity of volcanic rocks, mainly arising from the different vesicular grade [38], both massive and vesicular rock specimens were sampled. In the first case, rocks show a compact structure with no evidence of macroscopic voids, while the second variety is affected by vesicles, which can be referred to as frozen imprints of bubble of gas with variable size [39]. Literature experiences on the same rock type highlighted that the different rock structure plays a key role in the rock strength and deformability [40,41]. This aspect, which is certainly relevant at the intact rock scale, represents a technical issue in outcrops, where the transition between the two rock structures is not always well defined, and sometimes, the rock properties change within few decimeters [42].



Collected specimens can be grouped into two categories according to the macroscopic presence of voids: massive and vesicular. In the first case, no or relatively few voids occur in the rock texture at the hand scale. Such rocks are characterized by an average of 2.8 g/cm3 bulk density and a total porosity ranging from 3.8% to 7.5%. On the other hand, vesicular specimens show a bulk density ranging between 2.3 and 2.7 g/cm3 and a total porosity from 9.4% to 24.9%. According to the classification proposed by Anon [43], such rocks can be classified as low to high porous rocks (Figure 5).



Mechanical uniaxial compression tests returned uniaxial compression strength (UCS) values between 80.6 and 128.2 MPa for massive specimens and between 28.1 and 86.3 MPa for vesicular ones. Lower UCS values are related to the more porous rocks, which show also lower elastic modulus, index of a slightly higher deformability attitude under stress. Young’s modulus values, indeed, are between 3.2 and 8.2 GPa (Figure 5). According to Singh and Ghose [44], resulting UCS values are characteristic of a medium to strong rock and of a strong to very strong rock for vesicular and massive specimens, respectively.



Rock mass characterization was carried out through a geomechanical survey at a 15 m high volcanic rock mass showing a massive basaltic succession, affected by a certain degree of fracturing, located a few tens of meters southeastwards away from the studied church. The rock mass has a columnar aspect, typical of massive volcanic flow succession, and shows a different degree of vesiculation, with a vesicular texture at its higher portion and a massive rock structure at its lower portion (Figure 6). Block shape is mainly prismatic, with an average size greater than 1 dm, and there are widespread anchors to secure local instability features. The rock mass survey was carried out according to the objective sampling criterion proposed by ISRM [45] by evaluating all the discontinuities intersecting a scanline. Based on surveyed data, four main discontinuity sets were recognized, with a general subvertical attitude, except for a subhorizontal set, and an average normal set spacing ranging from 35 to 57 cm. Joints show a different aperture grade, ranging between 0 and 10 mm, a slight weathering and no filling material.



Field and laboratory data were integrated for the application of the generalized Hoek and Brown failure criterion to achieve the main rock mass strength parameters. These were calculated for both the vesicular and massive rock mass portions by using the respective precautionary UCS values. Rock mass structure was assumed as “very blocky”, namely, formed by four discontinuity sets, and good discontinuity features were assumed, for a final representative Geological Strength Index (GSI) value of 50, according to the chart proposed by Marinos and Hoek [46]. In particular, the rock mass modulus of deformation E was calculated by Equations (1) and (2), used for massive (UCS > 100 MPa) and vesicular (UCS < 100 MPa) portions, respectively. The resulting values are 5.8 and 3.4 GPa, highlighting that the presence of vesicles within the intact rock is a feature slightly enhancing the rock mass deformation:


  E =   1 −  D 2    ·   10       G S I − 10   40        



(1)






  E =   1 −  D 2      U C S / 100   ·   10       G S I − 10   40        



(2)




where D is a 0.7 assumed factor related to the degree of disturbance of the rock mass caused by blast damage and stress relaxation, which can range from 0 (undisturbed in situ rock mass) to 1 (very disturbed rock mass).




3.2. Geophysical Characterization of the Subsoil


For the site geophysical characterization, 27 ambient noise samplings were performed, mostly located along two orthogonal profiles, as shown in Figure 7a. Moreover, two active seismic surveys, a multichannel analysis of seismic waves (MASW) and a seismic refraction tomography, were carried out (Figure 8a). MASW is a noninvasive active seismic method that allows the definition of the 1D velocity profile of shear waves (Vs), based on the measurement of surface waves made at different receivers placed on the soil surface. The prevalent contribution to the surface waves is given by Rayleigh waves, which are transmitted with a velocity correlated to the stiffness of the soil portion affected by the wave propagation [47].



Seismic tomography is an active seismic survey that allows for obtaining a seismostratigraphic reconstruction of the subsoil. It is based on the relationship between the speed of seismic waves and the physical-mechanical properties of the lithotypes, so it is possible to obtain information on the dynamic characteristics of the subsoil by analyzing the speed of propagation of elastic waves [48].



The HVSR [15,49] is a passive seismic technique based on the recording of ambient noise [50]. The ground motion recording in the three space components allows for evaluating the site response and, especially, the resonance frequency calculating the spectral ratio between the average of horizontal components and the vertical one.



3.2.1. HVSR Surveys


In the studied area, the passive seismic single station surveys were carried out, using six three-component electrodynamic velocimeters (Micromed Geophysics TROMINO®) with high sensitivity (±1.5 mm/s). The instruments measure the ambient seismic noise and transmit it to a digital acquisition system with a 23-bit minimum resolution. Design features allow a relative accuracy greater than 10−4 on the spectral components above 0.1 Hz.



Two samplings were performed in the courtyard next to the church; the other ambient noise measurements were carried out to the east and north of the San Giuseppe church, along two alignments with regular interdistance (5 m) (Figure 7a). The first, oriented SW–NE, consists of 15 ambient noise samplings (N1–N15), while the second, oriented SE–NW, is made up of 10 acquisition points (T1–T10) and crosses the first alignment at N8.



The velocimeters were arranged with the N–S component oriented parallel to the north direction. At each measuring points, ambient noise was recorded for 20 min with a sampling frequency of 128 Hz. Ambient noise samplings were processed using the HVSR technique, in the frequency range 0–64 Hz, dividing the recordings in time windows of 20 s length. During the processing, a smoothing of 10% with a triangular window function to all time windows was applied. Finally, the average of the H/V spectral ratios, obtained by each window, was calculated to obtain the average H/V spectrum for the measurement sites.



The obtained H/V spectra were analyzed together with the relative single components Fourier spectra to distinguish peaks connected with stratigraphic changes from those linked to anthropic noise [51,52]. In fact, when an impedance contrast is present in the subsoil, the Fourier spectra of single components show the characteristic “eye-shape”, formed between horizontal and vertical components [53]. On the contrary, when the three components move upwards at the same time, the related H/V peak is caused by anthropic noise.



It can also be observed that the vertical component spectrum exceeds the horizontal component spectra in certain ranges of the graph. Consequently, when the H/V spectrum is characterized by H/V amplitude values lower than 1, the presence of a velocity inversion in the subsoil can be hypothesized [53].



All the obtained H/V spectra show H/V amplitude values lower than 1 at high frequencies, probably caused by the presence of the paving instead of the natural ground.



Even if no significant spectral peaks (H/V amplitude > 2) [54] are observable in the obtained H/V spectra, it is possible to note a “broad-band” low amplitude peak in the frequency range of 1–5 Hz (Figure 7b).



Furthermore, the H/V spectra related to some measurement points (Est1, Est2, N4, N5, T7–T9) show at higher frequencies, between 10 and 30 Hz, an additional peak, characterized even in this case by low amplitude values (H/V amplitude < 2) (Figure 7b,c).



The surveying setting, with ambient noise measurements carried out at regular intervals along two profiles, allowed the combination of the H/V spectra obtained by each alignment (Figure 7d), using a MATLAB routine. Two 2D diagrams were obtained showing the distribution of the H/V amplitude values as a function of distance (x-axis) and frequency (y-axis) in the range of 0.1–20 Hz (Figure 7d). The obtained pseudo-sections provide useful information on the subsoil geometry. In the N-section, it is possible to identify a broadband frequency area characterized by H/V amplitude values close to 2, observable around the same frequency values throughout the entire alignment. It is therefore possible to identify an evident surface that can be associated with an impedance contrast, probably connected with the transition to underlying lavas. Another less evident impedance contrast is observable between 10 and 25 m from the beginning of the section, at higher frequency, probably associated, as shown later, with the transition between overlying fill material and underlying layers.



Even in the T-section, an impedance contrast ascribable to the transition to lavas can be recognized (Figure 7c), although in this profile, the surface does not occur at the same frequency values throughout the entire section. In the southeast portion, the impedance contrast is localized at higher frequency values. This seems to be in agreement with the massive lava flow cropping out nearby. Moving towards northwest, the detected surface is located at the same frequency values observed in the N-section. Toward the end of the section, between 30 and 45 m, it is possible to note a further impedance contrast at higher frequency, attributable to the transition “fill material/underlying layers”.




3.2.2. Seismic Tomography


In the investigated area, a seismic tomography was carried out using a digital multichannel array, consisting of 24 vertical geophones, with a natural frequency of 4.5 Hz and an 8 kg hammer used as energization source. The receivers were arranged along a SW–NE-oriented alignment, spaced 3 m apart for an array total length of 72 m. The distance of external shot points was 5 m, while additional 5 shots at regular interdistance were performed along the array. The signal related to each shot was recorded for 3 s, with a sample rate of 1 kHz (Figure 8a).



The seismic signals were processed using a tomographic method based on the evaluation of the seismic wave’s travel times between source points and geophones. A theoretical model is preliminarily considered; then the experimental travel time is compared with theoretical travel time, and using an iterative process, the starting model is varied to reduce the misfit between observed and calculated travel times.



The SoilSpy Rosina and SeisOpt® 2D software were used for data processing. The SoilSpy Rosina software allows the picking of the first arrivals of the compression waves at the receivers, with times in mseconds. The SeisOpt® 2D software allows the search of a subsurface model showing the Vp distribution, characterized by the minimum misfit compared with the experimental data and geologically compatible with the studied area.



The SeisOpt® 2D software is based on the generalized simulated optimization method (GSAO) [55]; this inversion algorithm allows a nonlinear procedure of inversion of arrival times of seismic waves recorded. The advantage of this technique is related to the absolute independence from the initial velocity model.



The seismic tomography allowed for investigating the subsoil to a maximum depth of about 16 m. The final 2D (Figure 8d) seismostratigraphic model shows the presence of an area, between 50 and 65 m from the beginning of the alignment, characterized by high longitudinal wave velocity values (Vp > 2000 m/s). This portion of the subsurface, considering the high velocity values and the geometric shape, can be associated with the presence of the ancient lava flow, according to the geological setting of the studied area. The other areas of the section are characterized by velocity values compatible with the presence of material with poorer physical and mechanical characteristics (Figure 8d).




3.2.3. MASW Surveys


The MASW survey (Figure 8a), oriented SW–NE, was performed using a digital multichannel array, composed of 24 vertical geophones with a natural frequency of 4.5 Hz. The energization system consisted of an 8 kg hammer and an iron base perfectly coupled to the flooring. The receivers were 3 m spaced, for a total alignment length of 72 m. Five shots were performed, at 6 m from the first and the last geophones, to increase the energy content and improve the signal-to-noise ratio (stacking technique). The signal related to each shot was recorded for 3 s, with a sample rate of 512 Hz.



The experimental dispersion curve was obtained using the Geopsy processing software [56], computing the f–k spectrum on the signal obtained by stacking the five recorded shots. The dispersion curve was picked on the maxima of the spectrum absolute value (Figure 8b). An inversion process implemented on a Dinver routine (Geopsy software) was used to obtain the 1D shear wave velocity profile. The RMS associated with the model is 14.4 m/s.



The Vs-depth profile (Figure 8c) shows Vs values of about 350 m/s within the depth interval of 0–4 m; below this layer, velocities gradually increase with depth, reaching, at the maximum investigated depth, Vs values of about 700 m/s. The first layer, characterized by low velocity values, is attributable to the presence of loose material; the gradual increase in velocity values with depth is in agreement with the presence of an ancient fractured lava flow. This represents the volcanic bedrock, whose outcrops were surveyed in the close proximity of the church.





3.3. Results Arising from Field Surveys


In order to model the foundation soil of the bell tower, data obtained from both geomechanical and geophysical surveys were used to generate a simplified profile of the subsoil.



The shear wave velocities were derived from the MASW survey. The MASW survey provides a velocity profile representing the average of the S-wave velocity distribution below the array. In consideration of this, having performed the seismic tomography survey along the same alignment, we derived a 1D Vp profile, comparable with that obtained by MASW, averaging the Vp values obtained from the tomographic section within the thickness of the seismo-layers identified by the 1D vs. profile derived from MASW.



Although the outcrops available in close proximity to the building are represented by fractured volcanic rock masses, with good geomechanical strength properties (see Section 4), HV spectra highlight the presence of impedance contrasts. In particular, the HV spectra, related to the acquisitions performed near the specific spot of the building, show an impedance contrast at high frequencies (around 15 Hz), likely related to loose material laying on the volcanic succession. This loose material layer, 2 to 6 m thick, is characterized by quite low seismic velocity, as highlighted by the results of active seismic surveys. This may be read either as material employed to fill the voids arising by the presence of metric to decametric caves, whose evidence is still visible along the NW coast scarp where caves are still used as boat recovery by local people, or as a layer consisting of debris originated from the ruin of the previous church, as observed in the close Catania old town [57].



Based on such consideration, the subsoil below the bell tower was modeled as loose material laying on the massive volcanic rock mass, whose shallow underground evidence is suggested by geophysical surveys (Figure 8).



The subsoil was subdivided for simplicity in six layers, whose wave velocities were determined from the experimental measurements. Using the well-known expressions for the wave speeds:


   V s  =    G ρ                                       V p  =      E 0   ρ     








and the relations between shear and oedometric moduli and Young’s modulus and Poisson’s ratio, the results reported in Table 3 have been obtained.



Resulting elastic modulus values are lower than those obtained by the geomechanical analysis carried out on the volcanic outcrop, especially for the shallowest subsoil layers. Indeed, as shown by the geophysical surveys, the subsoil near the site of the church presents top layers of loose material, probably filling material employed for levelling the area, even likely after the collapse of the old church. Much greater values are found for the basaltic-type layer occurring near the castle and in depth, where the P-wave velocity values reach 3800 m/s (Figure 8d).





4. Dynamic Identification of the Bell Tower


In order to determine experimentally modal parameters of the bell tower, an operational modal analysis with the technique of standard spectral ratio (SSR) was carried out. Triaxial electrodynamic velocimeters (Micromed Geophysics TROMINO®), the same used for the geophysical survey, were employed.



The tower was instrumented with four sensors, and a fifth one was positioned outside the tower, as indicated in Figure 9a, in order to measure the free field signal. Two series of measurements were executed, placing the instruments on the tower along two different verticals (Figure 9b,c). The measurement heights are reported in Table 4.



Each measurement lasted 30 min, divided in windows of 32 s. The sampling frequency was set to 128 Hz. Therefore, each window contained 4096 = 212 sampling points, giving rise to a spectral resolution Δf = 0.0312 Hz.



For each channel, the fast Fourier transform (FFT) of each window was determined, employing a Henning triangular filter, obtaining a spectrogram of the signal. Windows where noise differed from the average trend were eliminated.



Successively, for each time window, the ratio between the FFT spectrogram of the signal and the spectrogram of the reference site was then performed. Finally, the average of all ratios was calculated in order to obtain the final spectral ratio. The average spectral ratios for the three directions obtained are represented in Figure 10a,b for the direction N–S (parallel to the church), Figure 10c,d for the E–W direction and Figure 11 for the vertical direction.



The tower’s modal vibration frequencies can be identified as those at which the maximum amplitude of the SSR curve in the specific direction occurs on both verticals. Further peaks in the same direction for both vertical 1 and vertical 2 represent higher modes in that direction.



This technique allows for detecting with sufficient confidence the frequencies of vibration of the structure, even though it does not allow the determination of the modes, given the lack of synchronization.



The measurements obtained in the three directions show a substantial agreement between the different sensors and for the three directions. The estimated frequencies are summarized in Table 5. From the consideration of the absolute power spectra of the signals, information about the modal shapes has been obtained. From the analysis of these modal forms, the association between the identified frequencies and the corresponding directions was deduced. However, this aspect is not discussed in this work.




5. Numerical Model


5.1. Modal Analysis of Fixed Base Tower


A 3D model of the tower was built in the Midas FEA software using a hybrid hexahedral and tetrahedral, 300 mm average dimension element mesh (Figure 12), according to the geometrical survey. The foundation of the tower was not modeled, and fixity constraint was applied at the base.



The mechanical parameters assigned to the masonry, modelled as a linear elastic isotropic material, are shown in Table 6. The density and elastic stiffness were reasonably estimated on the basis of literature data [58], in the absence of experimental determination.



Figure 13 shows the mode shapes of San Giuseppe’s bell tower identified through numerical analysis on Midas FEA. The first three vibrational modes have been identified. The first and the second modes are bending modes, respectively, on the Y-axis (i.e., east–west axis) and X-axis (i.e., north–south axis) direction; the third mode is a torsional mode around the Z-axis (Vertical axis). Associated frequency values are close to the experimental ones (Table 5).



It must be remarked that the numerical model is oversimplified for several reasons. First, it considers the masonry isotropic, while shear and axial stiffness greatly depend on the type of masonry and on its layout. Second, the tower probably was built in different epochs, so that the masonry layout is not homogeneous throughout the tower height. However, the geometry of the construction was detected with reasonable accuracy. Finally, no interaction with the body of the church was considered in the FEM model. This hypothesis, which is certainly inadequate in the case of FEM models intended for structural analyses, such as nonlinear seismic analyses, can be accepted for the purpose of a preliminary estimate of the natural frequencies of the tower. Fully refined structural models should include the church, the unilateral contact between the tower and the church in the absence of connection, or bimodule nonlinear springs in the case of weak wall-to-wall connection. Moreover, nonlinear constitutive models should be taken into account for both the tower masonry and the soil.




5.2. Numerical Model Accounting for the Subsoil


A full 3D model of the tower including the layered soil was implemented in order to assess the influence of the soil interaction on the dynamic properties of the tower. In addition, a simplified model of the tower rests on a Winkler-type foundation, whose parameters were calibrated according to the results of the experimental tests performed on the foundation soil. The latter model is very appealing from an engineering point of view due to its simplicity.



A volume of soil 50 × 50 m and 30 m deep was discretized, divided in six horizontal layers whose physical and mechanical properties determined from the geophysical survey are listed in Table 3, as schematically shown in Figure 14. The bedrock was assumed at a depth of 30 m, where the fixity constraint was assigned, whereas unidirectional boundary conditions orthogonal to the lateral sides of the soil volume were assigned. The planar dimension of the volume is such that, at the edge, the vertical deformations in the soil due to the tower’s self-weight are almost completely elapsed. A linear elastic isotropic model was adopted for the soil.



The simplified approach according to Winkler’s method [59] considers the ground as a distributed bilateral constraint schematized with a bed of springs reacting only along their own axis and for which mutually independent elastic-linear behavior is assumed. Tangential stresses at the soil–foundation interface are also assumed to be zero. The assumption of mutually independent springs implies that a force applied at one point in the ground produces failure only at the loaded point.



Springs are endowed with stiffness k. It is not an intrinsic property of the soil but generally depends on the shape and size of the foundation, the distribution of the acting loads, the stratigraphy, and composition of the foundation soil and is given by


  k =    E  e d    H   








where Eed is the oedometric modulus and H is the thickness of the compressible soil layer. For a strip foundation,   H = 1.5 · B   can be assumed, where B is the width of the foundation.



In the present study, the Winkler constant was approximately estimated as


  k =    E  d y n   ·     1 − ν       1 + ν   ·   1 − 2 ν       1.5 · B   = 2.26    N  m  m 3       








where the dynamic modulus was derived from the wave velocities of the upper layers, as reported in Table 3, and an average strip footing width B of 1.55 m was considered.



The results of the modal analyses are reported in Table 5, where are also added the results of the fixed base model and the frequencies experimentally evaluated.



The stiffest configuration, with fixity at the bottom of the tower, gives the highest values. The Winkler model and FEM model gave almost the same values of X and Y frequencies. The Z frequency is approached by the model considering the interaction with the soil (Table 5).



The soil modeling introduces the lowering of all the three frequencies, as expected, due to the presence of the softer layers. However, the matching with the experimental results becomes worse, especially in the X and Y cases.



The factors that can determine these differences are many. The estimation of the mechanical parameters of the masonry, first of all, affects the solution, despite the accuracy of the discretized geometry. A model updating procedure should be applied to the full model [60], introducing a more realistic distinction of the materials along the height of the building and adequately tuning the material parameters. However, in the aim of the present paper, these first-step results allow us to highlight that a correct description of the stratigraphy is important, even in the presence of rocky sites, as the presence of soft surface layers due to leveling works of the foundation plane is frequent.





6. Concluding Remarks


Resonance frequencies of a masonry bell tower were obtained by means of vibration measurements using ambient noise, a technique widely employed, thanks to its simplicity of use. A dynamic identification of the tower was performed by means of an FE numerical model. It was shown that the inclusion in the model of the interaction with the soil cannot be disregarded in the case studied in this work, since a soft substrate was present underneath the construction. In fact, although a volcanic rock mass, with good geomechanical properties, crops out a few meters away from the church, its evidence in the tower subsoil was found, by geophysical analysis, below a thick loose material layer. The presence of such soft soil is likely due to a man-made filling, probably with debris of pre-existing buildings. Therefore, the subsoil was characterized by means of geophysical tests (MASW, HVSR) for an area close to the construction site. As demonstrated by the use of simplified models, only the most superficial layers affect in this case the dynamic response. In fact, in the Winkler model, the thickness H of the compressible soil layer was approximated to 1.5 B; i.e., it is approximately 7.50 m. Furthermore, the results of the Winkler model and the full 3D model of the tower including the layered soil are fully comparable. Differences are still present between the numerical and the experimental results that are due to the simplifications introduced in modelling the masonry.



Considering the high probability that an earthquake of moderate magnitude will occur and that events of intensity 7 MCS have badly damaged the tower bell in the past, these findings can be useful clues for further numerical modelling, and finalize additional engineering investigations aimed at reducing the seismic vulnerability of the analyzed building.
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Figure 1. (a) Location of Aci Castello municipality (Sicily), (b) position of San Giuseppe’s bell tower (highlighted in red), (c) west and (d) north views of the San Giuseppe church. 
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Figure 2. Masonry of the bell tower: photo of the internal side. 






Figure 2. Masonry of the bell tower: photo of the internal side.



[image: Geosciences 13 00084 g002]







[image: Geosciences 13 00084 g003 550] 





Figure 3. Geological map of the study area (modified from [31]). 
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Figure 4. Seismic history of Aci Castello (Sicily) in the last 1000 years from intensity IV. Iobs is observed intensity; Ical is calculated intensity. 
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Figure 5. Statistics of the main measured rock physical-mechanical parameters. Boxes indicate standard deviation, whiskers indicate maximum and minimum, and square is for the mean value. Key: n—total porosity, γ—bulk density, UCS—uniaxial compressive strength, E—Young’s modulus. 






Figure 5. Statistics of the main measured rock physical-mechanical parameters. Boxes indicate standard deviation, whiskers indicate maximum and minimum, and square is for the mean value. Key: n—total porosity, γ—bulk density, UCS—uniaxial compressive strength, E—Young’s modulus.



[image: Geosciences 13 00084 g005]







[image: Geosciences 13 00084 g006 550] 





Figure 6. Rock wall surveyed for geomechanical purposes. 
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Figure 7. (a) Position of the ambient noise samplings; (b) example of H/V spectrum performed in T9 position and graph of spectral amplitude components, the yellow areas indicating the typical “eye-shape” linked to stratigraphical transitions; (c) examples of H/V spectra related to ambient noise samplings performed along the two alignments; (d) 2D diagrams obtained along the two alignments (a), showing the distribution of the H/V amplitude values as a function of distance (x-axis) and frequency (y-axis, range 0.1–20 Hz). 
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Figure 8. (a) Location of the seismic tomography and MASW surveys; (b) dispersion curve obtained from processing of MASW survey; (c) velocity model obtained from MASW surveys; (d) 2D seismic tomography section. 
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Figure 9. (a) Velocimeters’ position in plan of the bell tower of San Giuseppe (Aci Castello, Sicily); (b) velocimeters’ position in section of the bell tower of San Giuseppe (Aci Castello, Sicily). Vertical n. 1 (see Table 4); (c) velocimeters’ position in section of the bell tower of San Giuseppe (Aci Castello, Sicily). Vertical n. 2 (see Table 4). 






Figure 9. (a) Velocimeters’ position in plan of the bell tower of San Giuseppe (Aci Castello, Sicily); (b) velocimeters’ position in section of the bell tower of San Giuseppe (Aci Castello, Sicily). Vertical n. 1 (see Table 4); (c) velocimeters’ position in section of the bell tower of San Giuseppe (Aci Castello, Sicily). Vertical n. 2 (see Table 4).



[image: Geosciences 13 00084 g009]







[image: Geosciences 13 00084 g010 550] 





Figure 10. Averaged spectral ratios for Vertical n. 1 (a) and Vertical n. 2 (b) in the N–S direction; averaged power spectra for Vertical n. 1 (c) and Vertical n. 2 (d) in the E–W direction. 
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Figure 11. Averaged spectral ratios for Vertical n. 1 (a) and Vertical n. 2 (b) (Z direction). 
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Figure 12. Model of the tower in Midas FEA software. Hybrid hexahedral and tetrahedral, 300 mm average dimension element mesh. 
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Figure 13. Perspective and plan views of the mode shapes of San Giuseppe’s bell tower (Aci Castello, Sicily) identified from numerical analysis on Midas FEA. (a) Mode n. 1, bending around Y-axis (i.e., north–south axis); (b) mode n. 2, bending around X-axis (i.e., east–west axis); (c): mode n. 3, torsional around Z-axis (vertical axis). 
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Figure 14. FE model of the soil as uniform-depth horizontal layers. 
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Table 1. Geometric dimensions of the San Giuseppe tower.






Table 1. Geometric dimensions of the San Giuseppe tower.





	Height

(m)
	Bottom Plan Dimension

(m)
	Wall Thickness

(m)





	0.00
	4. 90 × 4.00
	1.15



	2.30
	4.50 × 3.30
	0.65–0.70



	2.30–10.40
	4.50 × 3.30
	0.65–0.70



	10.40–15.30
	3.80 × 3.30
	0.65–0.70
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Table 2. Observed intensity at Aci Castello. I0 is the epicentral intensity, Mw is the equivalent magnitude, Iobs is the observed MCS (Mercalli–Cancani–Sieberg) intensity according to Rovida et al. [36].
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	Year
	Mo
	Day
	Ho Mi
	Epicentral Area
	I0
	Mw
	Iobs





	1693
	01
	11
	13 30
	Southeastern Sicily
	11
	7.32
	10–11



	1818
	02
	20
	18 15
	Catania area
	9–10
	6.28
	7



	1848
	01
	11
	12
	Gulf of Catania
	7–8
	5.51
	6



	1905
	09
	08
	01 43
	Central Calabria
	10–11
	6.95
	5



	1911
	10
	15
	08 52
	Etna—Fondo Macchia (Giarre)
	8–9
	4.59
	3



	1931
	08
	03
	21 12
	Etna—Fiandaca (Acireale)
	6–7
	3.47
	3



	1983
	07
	20
	22 03
	Etna—Viagrande
	7–8
	4.30
	4



	1986
	02
	01
	22 52
	Etna—S. Giovanni Bosco (Acireale)
	6–7
	3.85
	2–3



	1986
	02
	02
	16 10
	Etna—S. Giovanni Bosco (Acireale)
	7
	4.08
	2–3



	1990
	12
	13
	00 24
	Southeastern Sicily
	
	5.61
	6



	1990
	12
	16
	13 50
	Southern Ionian Sea
	
	4.38
	3



	1991
	12
	15
	20 00
	Etna—Southern flank
	5–6
	4.30
	4



	2001
	01
	09
	02 51
	Etna—Zafferana Etnea
	6
	3.73
	4
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Table 3. Soil mechanical parameters obtained from geognostic surveys and derived from theoretical correlations.
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	Layer
	Depth (m)
	S-Waves Speed Vs

(m/s)
	P-Waves Speed Vp

(m/s)
	Density

  ρ   (g/cm3)
	Edyn (Mpa)
	ν (–)





	1
	0.00–3.90
	355
	1684
	1.85
	689
	0.48



	2
	3.90–7.06
	351
	1680
	1.84
	671
	0.48



	3
	7.06–13.27
	446
	1785
	1.88
	1100
	0.47



	4
	13.27–21.85
	525
	1872
	1.90
	1527
	0.46



	5
	21.85–27.31
	621
	1979
	1.94
	2163
	0.45



	6
	27.31–30.00
	705
	2072
	1.96
	2795
	0.43
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Table 4. Height at which the sensors were placed in the tower.
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Vertical N. 1

	
Vertical N. 2




	
Instrument n.

	
Instrument Type

	
Height

(m)

	
Instrument n.

	
Instrument Type

	
Height

(m)






	
C1

	
Velocimeter-Accelerometer

TEP-ENGY

	
10.44

	
C8

	
Velocimeter-Accelerometer

TEP-ENGY

	
10.44




	
2

	
Velocimeter

TRZ-ZERO

	
7.75

	
C7

	
Velocimeter

TRZ-ZERO

	
9.22




	
C3

	
Velocimeter

TRZ-ZERO

	
3.82

	
C6

	
Velocimeter

TRZ-ZERO

	
6.40




	
C4

	
Velocimeter

TRZ-ZERO

	
0.12

	
C5

	
Velocimeter

TRZ-ZERO

	
1.84




	
EST1

	
Velocimeter

TEN-ENGINEERING

	
0.00

	
EST1

	
Velocimeter

TEN-ENGINEERING

	
0.00
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Table 5. Comparison between the main modal frequencies values obtained for San Giuseppe’s bell tower (Aci Castello, Sicily) and different soil models and experimental data.
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	Mode

N°
	Experimental

(Hz)
	Fixed Base Model

(Hz)
	Winkler Model

(Hz)
	FEM Model

(Hz)





	1-X/North–South
	3.97
	3.91
	3.31
	3.40



	2-Y/East–West
	4.47
	4.75
	4.02
	4.05



	3-Z/Vertical
	9.72
	12.63
	11.36
	11.43
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Table 6. Mechanical parameters assigned to the masonry, modelled as a linear elastic isotropic material.






Table 6. Mechanical parameters assigned to the masonry, modelled as a linear elastic isotropic material.





	Young Modulus

(N/mm2)
	Poisson’s Coefficient

(-)
	Density

(kg/m3)





	2800
	0.3
	1700
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