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Abstract 

We used the moderate-magnitude aftershocks succeeding to the 2016 August 24th, Mw = 6.0, Amatrice 

(Italy) mainshock to asses, especially during an ongoing seismic sequence, the soil-structure interaction 

where cultural Heritage is involved. We have chosen as case study the San Giovanni Battista church 

(A.D. 1039)  in Acquasanta Terme town, about 20 Km northeast of Amatrice. First of all we studied the 

soil shaking features in order to characterize the input to the monument. Then, using the recordings in the 

church, we tried to figure out  how the input seismic energy is distributed over the different monument 

parts. Some preliminary results are shown and discussed. 

 

I. INTRODUCTION 

uring the moderate magnitude after-

shocks following the Amatrice earth-

quake (Mw=6.0) occurred on  August 24, 

2016 we installed eight portable seismic sta-

tions  in the Acquasanta Terme town, located 

at about 20 km northeast of the mainshock 

zone (cf. Fig. 1a). 

The aim is to study the interaction between the 

incoming seismic wave-field and the  San Gio-

vanni Battista Church (A.D. 1039), a relevant 

cultural heritage in the town. Such seismic se-

quence, indeed, offers a singular opportunity 

to calibrate the monument response to Central 

Apennines earthquakes, which have been re-

sponsible for the largest damage to the cultural 
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heritage disseminated in the whole Central Ita-

ly(e.g. [Parisi and Augenti, 2013]). 

In a first step, we installed an array of five 

seismic stations in the town (red triangles in 

Fig. 1b). Then, to study the dynamic behavior 

of the monumental structure under the action 

of the incoming wave-field, we installed three 

seismic stations inside the church (green trian-

gles in Fig 1b). The locations of these stations 

were chosen in order to study mainly the inter-

action between the bell tower and the rest of the 

church structure.  

In the same time, in order to estimate the state 

of the health of the monument, we coupled a ter-

restrial laser scanner (TLS) campaign with  

some in-door and out-door drone photo-

grammetric flights. Thermographic survey of 

the walls was done to reveal earthquake in-

duced structural inconsistencies on the mon-

ument. In particular, the TLS high resolution 

scans allow to perform a detailed geometrical 

analysis of the structure (e.g. verticality of 

walls, shifts), whereas the shootings with 

drone allow to cover the non-visible parts from 

the ground and the unreachable nor inaccessi-

ble ones. The geometrical analysis is combined 

with thermographic inspection of the external 

walls following the procedure proposed by  

[Costanzo et al., 2015]. The repetition of the 

surveys during and after the seismic sequence 

allow an evaluation of the changes produced 

(cf. [Teza et al., 2015]). 

II. GEOLOGICAL SETTING 

The town centre of Acquasanta Terme is locat-

ed on the eastern side of the Tronto River, 

moreover the whole municipality is made up 

of many hamlets settled on both sides of the 

Tronto Valley. The town is built on terraces 

constituted by variable thickness of alluvial 

deposits resting on a travertine layer. This later 

is on top of the bedrock represented by calcar-

eous-marly formation, named marl with 

Cerrogna and Bisciaro (see geological map in 

Fig. 1b and schematic section in Fig. 2). 

It is known that such stratigraphy is prone to 

amplify soil shaking. Our purpose is to quanti-

fy such effects, identifying also at what fre-

quencies the amplification takes place.  

 

 
Figure 1: (a) Epicenters (small circles) of the August 2016 

Amatrice seismic sequence. The bigger red star represents 

the mainshock. (b) Geological map of the near-surface ge-

ology of Acquasanta Terme town, the red and green trian-

gles represent the installed seismic stations for this study. 
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III. THE EXPERIMENTS 

Temporary seismic stations were deployed 

along a WNW-ESE profile, where the geologi-

cal section crosses the Tronto Valley  

intersecting: (i) the San Vito village (station 

ACS07 at WNW), (ii) the bottom of valley at 

the contact between travertine and Bisciaro 

(station ACS02), (iii) the centre of Acquasanta 

(station ACS01), (iv) the transition between the 

outcropping travertine and alluvial deposits 

(station ACS08) and (v) the Cagnano village  

(station ACS03 at ESE), (see Figure 1).  

The array was designed to investigate the role 

played by near-surface geology in amplifying 

the soil shaking and to check the presence of 

any topographic effects. 

Only three seismic stations were available to 

study the dynamic response of the main histor-

ical building of the town, i.e., S. Giovanni Bat-

tista church, to the seismic radiation. We fo-

cused our attention only on the dynamic of in-

teraction between the bell tower structure and 

the church built. For this purpose, we installed  

one station at the top of bell tower  and the 

other two on the lateral walls of the church on 

top of two facing pillars (see Figure 3). 

Another station ACS01 was installed in the 

church garden: the transducers  were buried 20 

cm below the ground level at distance of about 

13m from the building. The latter station was 

used as reference station.  

Each seismic stations is composed by 

CENTAUR seismic digitizer [Nanometrics, 

2016a] equipped with triaxial a TRILLIUM 

broadband seismometer [Nanometrics, 2016b] 

and a triaxial TITAN accelerometric transducer 

[Nanometrics, 2016c]. The horizontal compo-

nents were oriented along the north-south and 

east-west directions. Data were sampled at 250 

Hz using 24-bit analog-to-digital converters, 

and time synchronism was provided by the 

embedded GPS system at each station.  

Furthermore, all stations were equipped with 

solar panels for power supply and battery 

charging. A local Wireless (WiFi) network 

were installed for data transmission thanks al-

so to a set of antennas connected to each sta-

tion and to a server hosted in the municipal 

seat of the town. Such data transmission was 

based on HyperLAN 5GHz band. This latter is 

a wireless access broadband technology based 

on standards suggested by ETSI (European 

Telecommunications Standard Institute), more 

efficient than the usual WI-FI transmission and 

networking, specially, on a wide and morpho-

logically problematic coverage area allowing 

us to better design the station network. All da-

ta collected by seismic stations were real-time 

transmitted to the server. 

IV. RESULTS 

The preliminary results shown in this paper 

are referred to one of the aftershocks (Mw=3.4) 

occurred on the 30 September 2016, localized 

at about 20 Km in NW-SE direction respect to 

the Acquasanta Terme town. 

In order to identify the soil shaking amplifica-

tion frequencies and to quantify their ampli-

tudes, we adopted the technique based on 

Standard Spectral Ratio (SSR, [Borcherdt, 

1970]), defined as the ratio of the Fourier am-

plitude spectra of a site and that one at the ref-

erence site obtained from the same earthquake 

and the same component.  

Our reference station is ACS02 (Figure 2) lo-

cated at the contact between the travertine lay-

er and the bedrock. The N-S and E-W compo-

nent were rotated into radial (R) and trans-

verse (T) directions, using the station-to-

epicenter azimuth. A window length was set 
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equal to the whole earthquake duration. The 

Fourier spectra were smoothed with a Konno 

and Omachi (1998) algorithm, implemented in 

the Geopsy freeware software suite 

(http://www.geopsy.org/), hence, the spec-

tral ratio was calculated for the three 

 

 
Figure 2. Projection of the linear array in Figure 1 along 2D profile showing the near-surface geology (modi-

fied by [Boni and Colacicchi, 1966]). The standard spectral ratio is shown for each seismic station. 

 

components (Figure 2) through a script devel-

oped by authors in MATLAB® [The 

MathWorks, 2010]. 

The radial and transverse SSR curves in corre-

spondence of the town center are very similar, 

showing a relevant amplification in the fre-

quency range between 3Hz and 8Hz and two 

recognizable peaks at about 4.5Hz and 6.5Hz 

with amplification values higher than 4 for 

both components. In the San Vito village, mov-

ing in direction WNW at an altitude of 85 m 

above the reference site (ACS02), the amplifi-

cation peaks occur at the same frequencies of 

the previous site (ACS01), however is shown a 

third peak at 12.5Hz on the transverse compo-

nent and increased values for the first two, in 

particular the one at 6.5Hz where the factor is 

10 for the radial component. Instead, in the di-

rection ESE towards the Cagnano hamlet, at 

the transition limit between the outcropping 

travertine and the sedimentary cover (ACS08), 

we find a wider frequency range respect to the 

previous sites towards the low frequencies (2-

8Hz) and a shift of the first peak at 2.5Hz for 

the radial component. Finally, on the Cagnano 

upper site (ACS03), where the alluvial deposits 
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are thick about 30m, in the range 2-10Hz the 

radial component is more amplified respect to 

the other sites, as well as to the transverse, 

showing an amplification factor (SSR) higher 

than 4 and different peaks with value up to 13. 

In these latter sites of Cagnano, as already de-

scribed for San Vito, appears a third peak on 

the transverse component at about 12.5Hz, that 

increasing with the elevation. 

With reference to the site of the church garden 

(ACS01), the SSR amplification factor was cal-

culated for the stations installed on the reli-

gious building. The NS and EW horizontal 

components were rotated along the longitudi-

nal and transverse directions of the lateral 

walls of the church, respectively. In the upper 

panel of the Figure 3 is shown a picture of the 

preliminary 3D model, which was reconstruct-

ed through data obtained by terrestrial laser 

scanning and aerial photogrammetric surveys. 

On the picture the positions of the ACS05 and 

ACS04 stations are given; instead, the third 

station, ACS06, is located on the window of 

wall opposite to that of the ACS04 station. In 

the lower panel of the figure, the SSR curves 

are reported for the visible stations. 

 
Figure 3. Top panel: geometrical reconstruction of the San Giovanni Battista Church using the terrestrial laser 

scanner (TLS) data, with locations of the seismic stations. Bottom panel: The standard spectral ratio for each 

seismic station. 
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Analyzing the response of the bell tower, we 

find two frequencies of amplification well rec-

ognizable: one along the transverse direction 

around 2Hz and the other one on the orthogo-

nal at 2.5Hz. The peak value for the two direc-

tions is almost the same, indicating an amplifi-

cation of 15 times respect to the foundation 

soil. Instead, the structural response of the 

church wall shows a peak in correspondence 

of the same frequencies of the tower with fac-

tors of about 4 and 5 lower for longitudinal 

and transverse component, respectively; there-

fore, the amplifications at these frequencies are 

probably due to the normal mode of the tower 

bell transmitted to the church.  

Moreover, the SSR curves relative to the wall 

assume another predominant peak at 3Hz and 

4Hz for the longitudinal and transverse direc-

tion, respectively, which may be linked to local 

or global normal modes of the church.  

V. DISCUSSION AND FUTURE DEVELOPMENT 

We have designed and installed a seismic ar-

ray in Acquasanta Terme to investigate soil 

shaking features and cultural heritage re-

sponse to the incoming seismic radiation. The 

preliminary results show the variability of the 

site amplification along the Tronto Valley both 

in frequencies and amplitudes, due to the near-

surface geology as well as to topography. With 

regard to the S. Giovanni Church, the spectral 

ratios allow to deduce some observations on 

the structural response. In particular, the 

transverse resonance frequency of the church 

wall (4 Hz) is very close to the free-field fre-

quency (4.5Hz). Therefore, using the soil-

structure resonance factor proposed by [Gosar, 

2010], we obtain a value of about 12%, hence, a 

high danger (factor ≤ 15%). Instead, the same 

factor calculated for the bell tower (44% for 

frequency 2.5Hz) suggests a low danger (factor 

> 25%) for this part of the structure. Such re-

sults are in agreement with the preliminary 

observed monument damages. 

The analysis on the whole dataset (not only 

concerning the seismic records, but also the 

geometric and thermographic surveys) cou-

pled with a numerical modeling will better ex-

plain the structural response. This will be the 

topic of a forthcoming paper. The data and 

analysis obtained by this research, as well as 

providing the induced-earthquake damage, 

will drive the restoration of the cultural herit-

age. 
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